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The advent of SHRIMP, the Sensitive High Mass-Resolution Ion Microprobe, defines a milestone in
Australian geochronology. SHRIMP was the first ion microprobe dedicated to geological isotopic
analysis and opened up zircon geochronology to in situ analysis where single domains could be directly
targeted. The ease and simplicity of the SHRIMP procedures facilitated rapid analyses of zircon
populations. In Archean quartzites of Western Australia Hadean (44 Ga), zircons were discovered as
one of the first scientific reports from SHRIMP. The Hadean zircons gave access to the early history of the
Earth and represent a unique resource for determining processes operating during this period. SHRIMP
has often been regarded as an instrument solely for U–Pb geochronology, but applications in stable-
isotope analysis, cosmochemistry, and trace-element abundance measurements were all parts of the
early development. Advances in SHRIMP design have proceeded to enable multiple collection, stable-
isotope analysis through negative ion measurement, and construction of different versions of SHRIMP for
specific applications. The reverse geometry SHRIMP RG design allows ultra-high mass resolution,
whereas the SHRIMP SI will allow a dedicated stable-isotope instrument for light elements.
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INTRODUCTION

The Sensitive High Resolution Ion Microprobe

(SHRIMP) was developed between 1975 and 1980 to

address limitations in geochemical techniques that

relied on dissolving rocks or mineral separates in

order to obtain relevant isotopic and geochronological

data. At that time, a typical quantity of zircon for

geochronological analysis was in the region of 0.1–1 mg

requiring many tens of grains and including many

potential age components. SHRIMP is a secondary-ion

mass spectrometer and uses a focused primary ion

beam to sample the target and analyse very small

domains of single grains; around a few nanograms is

consumed, three orders of magnitude smaller than the

conventional U–Pb analyses of the time. The ion

microprobe technique allowed for targeting of very

specific domains at high precision, but also allowed

rapid analysis of many zircons in a single session. One

of the first targets of the new capability was the Early

Archean rocks of Western Australia. The discovery of

the world’s oldest crustal remnants by Froude et al.

(1983) was an immediate payback for the SHRIMP

development and a highly visible demonstration of the

capabilities of this instrument and the novel techni-

ques. The SHRIMP methodologies were very different

from those in use at the time, and it took some time to

gain acceptance simply because it was so different. But,

with the discovery of 44 Ga zircons, it could not be

ignored.

This paper details some of the historical development

of SHRIMP as well as developments currently taking

place. The emphasis is primarily on those developments

pertinent to U–Pb geochronology, but other aspects are

covered as well, particularly when they have a wider

application to SHRIMP analysis. A recurrent theme in

this paper is the development of techniques that took

place in response to requirements for rapid analysis of

the Hadean zircons from Western Australia. In many

ways, SHRIMP and Hadean zircons are inextricably

linked, and we continue to respond to both their

requirements.

Included in this paper, as Appendix 1, is the extended

abstract prepared for the First International Conference

on Secondary Ion Mass Spectrometry held in Münster in

1977 (Clement et al. 1977), that outlines the original

concept and design for SHRIMP. The SIMS I conference

proceedings volume was not published.

SIMS AND SHRIMP

Secondary-Ion Mass Spectrometry (SIMS) is a technique

that is widely used in surface analysis where informa-

tion of the distribution of trace amounts of specific

elements are required in three dimensions (Benning-

hoven et al. 1987). A focused primary ion beam is used to

sputter, or erode, the sample surface, and a fraction of

the atoms, molecules, and fragments that are ejected

become ionised (secondary ions). The energy of the
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primary ion beam is generally of order 10–20 keV, while

that of the secondary-ion extraction is typically 5–10

keV. In the case of SHRIMP, both primary- and

secondary-ion accelerating potentials are *10 kV rela-

tive to real ground, but of opposite polarity, allowing the

same field to accelerate primary ions and secondary

ions of opposite polarity in opposite directions. Oxygen

and caesium are the most common source elements with

O7 or O2
7 used to generate positive secondary-ion

beams, and Csþ used to generate negative secondary-ion

beams. The primary ion species has a dramatic effect on

the relative ion yields in the secondary-ion beam. The

high secondary-ion yields from O and Cs are often

attributed to their highly electronegative (O) and

electropositive (Cs) behaviour enhancing electron trans-

fer in the ionisation region.

Secondary-ion yields are very element-specific. With

a negative oxygen primary beam and positive secondary

ions extracted, the ionisation efficiency of the alkali

metals approaches 100%, whereas yields from electro-

negative elements are very low. Conversely, a positive

caesium primary beam can enhance secondary-ion

yields of halogens, oxygen and sulfur, while secondary

ion yields of metals are generally low. Secondary-ion

yields of the noble gases, with closed electron shells, and

nitrogen are low no matter the primary species. One of

the original goals in SIMS was to allow quantitative

analysis of a wide variety of elements, from major to

trace abundances, on the basis of the measured ion

yields alone. This has not proved feasible because of the

sensitivity of secondary-ion yields to a variety of

instrumental- and target-related parameters. As such,

an inter-element ionic ratio cannot be expected to reflect

solely the abundances of the elements in the sample. In

order for a quantitative analysis to be performed,

matrix-matched standards must always be analysed

concurrently.

A characteristic of SIMS is the plethora of molecular

fragments in the mass spectrum. These molecules can be

isobaric and interfere with the desired peak, e.g.
28Si16Oþ and 44Caþ, but the mass deficits of the elements

that are related to nuclear binding energies can allow

molecules to be separated from atomic species with

sufficient mass resolution. For the case of 28Si16O and
44Ca, a mass resolution (M/DM) of 2700 is required.

Higher mass resolution is generally produced by redu-

cing the width of both source (entrance) and collector

(exit) slits, but this is at the expense of greatly

diminished transmission or sensitivity.

Prior to the development of SHRIMP, SIMS instru-

mentation incorporated relatively small mass analysers.

For example, the Cameca ims-300 had a magnet turning

radius of only 12 cm (Castaing & Slodzian 1962). These

instruments were designed to be direct-imaging ion

microscopes requiring stigmatic ion beam refocusing

and restrictive aberration limits. In order to achieve

high mass resolution, very narrow defining slits were

required, which greatly limited ion transmission and

sensitivity. The ion microscopes were designed to

extend the range of in situ chemical analyses, such as

then being determined by electron microprobes and

microscopes for major elements, to allow trace-element

abundance measurements.

It was quickly appreciated by William Compston that

in order to make a geological ion microprobe specifi-

cally for isotope ratio measurement, the instrument

would have to be physically very large in order to

achieve the required mass resolution while maintaining

high sensitivity. Compston invited Stephen Clement,

then a recent PhD graduate from the Research School of

Earth Sciences at the Australian National University, to

design a large ion microprobe for geological applica-

tions (Clement et al. 1977 reproduced in Appendix 1).

The design of SHRIMP I was based on an ion optical

description by Matsuda (1974) for a double-focusing high

mass-resolution mass spectrometer (Clement et al. 1977

figure 5). The magnet was made as large as manufactur-

ing capabilities allowed with a turning radius of 1.000 m,

thus yielding a secondary-ion beam path of *7 m. The

other components in the mass analyser were an electro-

static analyser, radius 1.272 m, used to correct for the

large velocity spread characteristic of SIMS, and an

electrostatic quadrupole lens located between the ESA

and magnet, used by Matsuda to reduce second-order

aberrations.

The secondary-ion focusing of SHRIMP was designed

to maximise transmission through the instrument with

an astigmatic matching lens system, that is, the vertical

and horizontal ion beam paths have different focal posi-

tions in the instrument (Clement et al. 1977). As such,

SHRIMP does not operate as an ion microscope. How-

ever, a feature of SHRIMP is the Schwarzchild micro-

scope system (Clement et al. 1977 figure 2) that allows a

direct reflected-light view of the sample during analysis.

The Schwarzchild optics have a very shallow depth of

field, and so focusing the target brings it to a very precise

position at a specific distance from the extraction lens.

This in turn fixes the alignment of the primary-ion and

secondary-ion axes. Hence, simply by optically focusing

the target, the ion optics are aligned as well. The beam

extraction system consists of an intermediate extraction

lens, the extraction lens, and the beam matching system

comprising slit einzel lenses (Clement et al. 1977 figure 3).

A beam monitor is located at a focus before the source

slit and allows a fraction of the total secondary beam to

be monitored during analysis.

The original SHRIMP primary column consisted of a

General Ionex duoplasmatron and extraction system

with two aperture einzel lenses designed to demagnify

the extraction aperture image (critical illumination) at

the target surface (Clement et al. 1977 figure 1). The

problem with this form of illumination is the propaga-

tion of aberrations throughout the column that results

in a final spot at the target with poor edge definition. A

different form of focusing system termed Kohler illumi-

nation was incorporated by the inclusion of a transfer

lens to illuminate an aperture placed at the front focal

point of the final einzel lens. In this way, the spot image

is defined by the last aperture, and aberrations are

minimised, yielding flat-bottomed pits with well-defined

edges. This has great benefit in analysis of targets where

the surface contribution could compromise the analysis,

for example surface-related common Pb in a zircon

analysis.

One of the design goals for SHRIMP was to have

sufficient mass resolution to separate molecular isobars
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while maintaining sufficient sensitivity for geochrono-

logical applications. The high mass resolution capabil-

ity is a characteristic of the mass spectrometer design of

Matsuda (1974). The unprecedented sensitivity of

SHRIMP is also related to the size of the instrument,

allowing physically wide slits to transfer the greatest

fraction of ions possible, but is also a consequence of the

beam transport calculations used to match the emit-

tance and acceptance of the different ion optical

components. In this way, the size and divergence of

the ion beam are arranged so that the largest fraction of

the beam is transferred from target to collector (Clement

et al. 1977 figure 4).

Most significant molecular isobars can be separated

at M/DM of 5000, and for low masses (M � 50 amu), even

hydrides can be resolved. Owing to the form of the mass-

deficit curve, intermediate mass peaks such as around

the rare-earth elements (140–170) have interferences

composed of major target elements (Ca, Mg, Si, O) that

require extremely high mass resolution. For example,

separating the common 40Ca24Mg28Si16O3 molecule from
140Ce in a pyroxene requires mass resolution over 20 000.

For Pb-isotope measurements, the most restrictive

interference is the 180Hf28Siþ interference with 208Pbþ

that requires a mass resolution of 5500. Hydride inter-

ferences from 206Pb1Hþ on 207Pb are largely negligible

(53%), and the effects of the hydride contribution on
207Pbþ are fortuitously opposed by isotopic mass fractio-

nation that enriches the abundance of the lighter Pb

isotope by a similar amount (Ireland & Williams 2003).

With a 20 mm spot sputtered to a few micrometres

depth, only a few nanograms of material is consumed.

Still, the number of atoms in this volume of zircon is

large and allows in situ Pb isotope analysis. U is

typically present in a zircon at the 200 ppm level, and

so only 0.4 pg of U would be present in this analysis. In

geochronology, the decay of U and Th to Pb via

238U ! 206Pbþ 8a ðt1=2 � 4470 MaÞ

235U ! 207Pbþ 7a ðt1=2 � 700 MaÞ

232Th ! 208Pbþ 6a ðt1=2 � 14 000 MaÞ

establishes the concentration of the radiogenic Pb

isotopes. Common Pb, present from the time of crystal-

lisation or introduced later, can be monitored from the

non-radiogenic isotope 204Pb. In a 500 Ma zircon, with

200 ppm U, the 206Pb/238U is 0.08, and so the amount of
206Pb available in the analytical volume is only *32 fg.

This is a minute quantity of material, and at the time of

SHRIMP development, conventional analysis, incorpor-

ating dissolution of zircon, followed by isotope dilution

and thermal ionisation mass spectrometry, required

milligram sample sizes of zircon and micrograms of Pb

for isotopic analysis. For a conventional analysis

consuming 2 mg of this typical 500 Ma zircon, 0.4 mg of

U would be present and 32 pg of 206Pb. Moreover,

SHRIMP could accurately determine 204Pb levels two to

three orders of magnitude lower still. For the first time,

discrete zones of zircon could be analysed and, more-

over, with an in situ capability. It should be noted here

that conventional analysis has now progressed to the

point where several tens of picograms of lead can be

analysed to high precision.

U–Pb CALIBRATION

As indicated above, secondary-ion yields are highly

element-specific. The Pbþ ionisation efficiency is about a

factor of two higher than Uþ, and so the 206Pbþ/238Uþ

ratio must be calibrated to a standard material. How-

ever, the measured ion ratio is also affected by instru-

mental parameters such as secondary-ion tuning and

focusing of the primary-ion beam. As measured, Pbþ/Uþ

can vary by up to a factor of two during an analytical

session, and such variations would make geochronology

impossible if they could not be corrected.

Andersen & Hinthorne (1973) developed their Local

Thermodynamic Equilibrium (LTE) model to predict

secondary-ion yields. While the specific physical

mechanism was not supported in later work, one of

the predictions of this model involves covariation in

Pbþ/Uþ with UOþ/Uþ, and this can be used to calibrate

Pb/U in geochronology (Andersen & Hinthorne 1972;

Hinthorne et al. 1979). The use of this relationship

remains the cornerstone of SIMS U–Pb geochronology

(Figure 1). As detailed in Compston et al. (1984), this

approach was adopted for normalising Uþ/Pbþ ratios

measured on SHRIMP. Specifically, and for a given

UOþ/Uþ value,

ð206Pb=238UÞunk=ð
206Pb=238UÞstd

¼ ð206Pb
þ=238UþÞunk=ð

206þPb=238UþÞstd

where subscripts unk and std refer to the ratios

measured from unknown and standard materials,

respectively. This normalisation is appropriate for a

given UOþ/Uþ value, and typically the mean UOþ/Uþ for

the standards in a given analytical session is used. The

relationship between Pbþ/Uþ and UOþ/Uþ must be

defined, and the form of the curve has been determined

empirically as being dominated by a near-quadratic

component (or power law of exponent *2.0) such that

ð260Pb
þ=238UþÞnorm ¼ aðUOþ=U

þÞ2

where a is a constant that can be determined from

measurements of the standards (Williams & Claesson

1987; Claoué-Long et al. 1995).

STANDARDS AND U–Pb AGE DETERMINATIONS

The first zircon projects carried out by SHRIMP were

dominated by the analyses of old materials (lunar and

terrestrial Archean samples) and the measurements

focused on the 207Pb/206Pb ratio as the age determinant.

In this case, common Pb corrections for most grains are

not significant beyond the measured 207Pb/206Pb analy-

tical errors. Although the main use of the 206Pb/238U

ratio for these old samples is the determination of

concordance, it was immediately obvious that the
206Pbþ/238Uþ ratios could be calibrated to the levels
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required for U–Pb geochronology of Phanerozoic zircons

(Williams et al. 1981), and ultimately for SHRIMP to be

used to address issues in time-scale chronology (Comp-

ston et al. 1992).

A suitable standard is extremely important in SIMS

calibration for multi-element systems. In order to

monitor the U–Pb fractionation produced in SHRIMP,

the standard material is measured concurrently with

the unknowns. The unknowns are referenced to the

standard, and so any uncertainty in the measurement of

the standard must be propagated to the unknown. In

fact, the reproducibility of the standard is often used to

assess the instrumental reproducibility. However, if the

standard is heterogeneous, the instrumental component

of the uncertainty can be overestimated.

The original standard used for calibrating U–Pb

measurements was a Sri Lankan zircon megacryst

called SL3. The advantage of SL3 was that it had a very

high U concentration (*3500 ppm) allowing reasonably

precise and accurate measurements of radiogenic
207Pb/206Pb. A large polished grain was mounted in a

*5 mm diameter epoxy cylinder, and this plug could be

transferred between mounts that were cast with a hole

to accommodate it. However, SL3 was found not to be

entirely zircon (McLaren et al. 1994): radiation damage

had taken its toll on the crystal structure such that SL3

Figure 1 Measured 206Pbþ/238Uþ varies with the measured UOþ/Uþ to define a calibration line of known age, in this case 572

Ma for SL13. This line has a (UO/U)2 dependence as indicated by the parameters for the unweighted regression as designated.

A calibration point is generally fixed at the mean UOþ/Uþ measured from the standards (open star) to which all analyses are

regressed. The age of an unknown can then be determined by the ratio of 206Pbþ/Uþ in the unknown to that ratio in the

standard at the common UO/U value (see text for detail). While all analyses of the SL13 chip lie within 2.5s of the calibration

line, the combined data suggest a small excess scatter about the calibration line of *2.8%. However, the explicit propagation

of such an uncertainty on to the unknowns is equivocal because of potential isotopic structure in SL13 (Sambridge &

Compston 1994).
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was a mixture of zircon, baddeleyite (ZrO2) and a silica-

rich glass. Matrix matching is very important in SIMS

normalisation, and with the likelihood of disturbance in

the U–Pb system, SL3 was dropped as a standard.

An alternate zircon megacryst, SL13, was then

chosen because of its uniform and low U concentration

(*240 ppm), as well as undisturbed zircon mineralogy.

It too was generally mounted in a plug and transferred

between mounts. However, with increasing experience

and improving precision and accuracy, a number of

issues with standardisation became apparent. Some

zircons showed better reproducibility (�1%) in U/Pb

measurements than the SL13 standard that frequently,

but not always, showed scatter around the 2% level

(Figure 1). This was evident both internally, where the

SL13 206Pb count rate scattered beyond counting statis-

tics for the count time, and externally where the

successive analyses did not reproduce within analytical

uncertainty. The procedure for mounting the standard

in the plug was re-examined because of the possibility of

different tuning conditions (e.g. relative slope between

plug and mount), different surface conductivity (coating

thickness, prior analyses, contact between plug and

mount), and so forth. Standard fragments that were cast

directly in to the mounts removed the possibility of such

bias, but ultimately did not improve the possibility of

excessive scatter. In addition, occasional spots (nano-

metre-sized inclusions) have an excess of radiogenic Pb

which makes the 206Pb/238U ages appear too old, while in

bulk SL13 appears slightly discordant (Roddick & von

Breeman 1994). Such features probably indicate a degree

of geological Pb redistribution. Procedures were devel-

oped for identifying different components within zircon

populations (Sambridge & Compston 1994), but specifi-

cation of the ages of these components in SL13 is not

necessarily straightforward. Nevertheless, SL13 re-

mains a valuable reference material because of its

uniform U concentration and its reliability in the U–

Pb system at the 2% level. However, SL13 is a single

zircon megacryst and as such represents a finite

resource that was not sufficient for distribution around

other laboratories for routine geochronology.

Subsequently, zircons derived from several primitive

igneous rocks have been used as reference materials.

Zircons from the 1099 Ma Duluth Complex (Paces & Miller

1993) including AS3 and FC1 have been used, with a

preference for FC1 because of the lower average uranium

concentration and lower prevalence of Pb loss. Zircons

from the 417 Ma Temora Granodiorite have also proved

successful (Black et al. 2003a). Temora zircons have a high

degree of concordance although low U concentrations and

the relatively young age result in relatively low precision

Pb/U measurements compared with the other standards.

Zircons from the 1850 Ma QGNG locality have also been

used as a 207Pb/206Pb reference material but have been

somewhat problematic in terms of U–Pb calibration in

that discordant domains are apparent (Black et al. 2003b).

Other laboratories have used a variety of materials for

standards; mostly these have been sourced from Phaner-

ozoic samples that have the best prospect for retaining

their U–Pb systematics (Ireland & Williams 2003).

Where zircons normalised to different standards

must be compared, there is a natural tendency to

calibrate the potential offsets between standards, that

is, to remove potential systematic bias. However, it must

be remembered that these normalising factors are also

subject to analytical uncertainty and the appropriate

propagation of that error might negate any potential

benefits. In sessions where standards have been com-

pared, we have found mean relative-deviations of the

populations within 1% of the actual age differences

between SL13, Temora, and FC1. At present, the limit for

accuracy of SHRIMP U/Pb and Th/Pb analyses appears

to be of the order of 1% (Ireland & Williams 2003). The

prospects for improving on this level routinely beyond a

factor of two do not appear promising at this stage with

both instrumental (reproducibility, precision, accuracy)

and geological effects (Pb loss, redistribution, age

zonation) contributing to the overall uncertainty, and

being very difficult to uniquely separate.

Such geological affects are ultimately the limitation

of all methods of geochronological analysis. The benefit

of SHRIMP is in being able to make large numbers of

spot analyses to ascertain the natural variation on a

very fine scale within U-bearing minerals in a rock.

Then, petrographic (location of spot on rim, core),

analytical (chemistry, instrumental artefacts) and sta-

tistical methods can be used to separate potentially

different age populations (Sambridge & Compston 1994).

HADEAN ZIRCONS

The ability of SHRIMP to make rapid, in situ, near non-

destructive analyses of zircons reflects a major turning

point in the history of geochronology. With a minimum

of handling, many zircons could be analysed for their

age characteristics. In the first refereed publication of

SHRIMP zircon analysis, Froude et al. (1983) reported

four grains out of 120 that had 207Pb/206Pb ages between

4.2 and 4.1 Ga, and the remaining grains were predomi-

nantly 3.3–3.7 Ga. With such a low proportion of old

grains, Froude et al. (1983) posited that this discovery

would have been impossible by any other technique.

This work received a mixed reaction largely because

it was one of the first examples of SHRIMP analysis, and

there was little comparative information available for

zircons of known age analysed by this new technique.

Schärer & Allègre (1985) heroically took up the chal-

lenge of attempting to replicate the reported discovery

through conventional digestion of single grains and

even partial grains from the original Mt Narryer

sample. Out of the 32 samples they analysed, none were

older than 3.8 Ga, and so they concluded that they could

not confirm the discovery of Hadean zircons. They also

claimed that the discordance pattern they derived was

different to that produced by the SHRIMP analyses.

Compston et al. (1985) responded that at the apparent

abundance (four out of 120 grains found by SHRIMP),

there was only a 50% chance of finding an old grain in

the 32 analyses performed by Schärer & Allègre, and

hence they had simply been unlucky. As for the

discordance pattern, the claim of dissimilarity was not

at all evident, given the differences in sample size and

nature of the samples. Subsequently, SHRIMP analyses

of 3.8 Ga Isua zircons were able to replicate the age and
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Pb loss profiles determined by conventional analysis

(Baadsgaard 1976; Compston et al. 1986). However,

confirmation of Hadean zircon by conventional analysis

was a remarkably long time coming. Initially, the

ancient 207Pb/206Pb ages were confirmed by another

unconventional method: direct loading of a zircon on to

a filament with thermal Pb evaporation and ionisation

(Kober et al. 1989). Finally, Amelin (1998) analysed ion-

probe-characterised Hadean zircons with the conven-

tional methodology and confirmed their ancient ages.

Even with SHRIMP, the analysis of these ancient

zircons was painstaking. Typically, a full zircon U–Pb

analysis took 15 min, and thus analysis of a hundred

zircons requires at least 25 h, even then provided the

acquisition times are reduced and excluding standard

analyses. Thus, in the early years, precious few of these

samples were available for other studies. While it was

realised that obtaining a significant population of these

grains could have useful scientific payback, the amount

of SHRIMP time that would have to be committed to this

project was simply not feasible. Analysis of zircons

separated from the Jack Hills quartzite (Compston &

Pidgeon 1986) appeared to show a higher 44 Ga

abundance (*6%) allowing more Hadean zircons to be

discovered per session, but obtaining sufficient zircon

quantities for other techniques (e.g. Lu–Hf, Sm–Nd) that

required many zircons for analysis was still not

practical. To screen 100 000 zircons would require 25

000 h of SHRIMP time in 1985, or around 3 years of

exclusive SHRIMP time. At this stage, further scientific

research on the Hadean zircons was scaled back as

SHRIMP focused on other sources of Early Archean

zircons and other geological problems.

SHRIMP II

The success of the original SHRIMP instrument led to

the consideration of making SHRIMP commercially

available. The original SHRIMP design was re-evaluated,

and some of the original specifications of Clement et al.

(1977) were modified to improve the ion optical perfor-

mance, and to facilitate construction of SHRIMP II

(Figure 2). While the geometry of the mass analyser

remained the same, the source chamber and primary

column were modified substantially. The intermediate

extraction system was removed, and the slit-einzel lenses

of SHRIMP I (see Appendix 1) were replaced by quadru-

pole lenses in SHRIMP II because of their lower inherent

aberration contributions. In the primary column, the

default configuration for spot formation was changed to

Kohler illumination. The net result of these changes was

that SHRIMP II obtained approximately twice as bright a

primary beam and twice as high a sensitivity for

secondary ions (in terms of useful yield) as compared

with SHRIMP I. SHRIMP II was brought into operation

in early 1990, and the first commercial SHRIMP was

commissioned for the Western Australian consortium

(Curtin University, University of Western Australia,

Geological Survey of Western Australia) soon after.

Figure 2 Schematic layout of SHRIMP II with multiple collector. Like SHRIMP I, the SHRIMP II design is based on the ion

optical model of Matsuda (1974) that incorporates an electrostatic analyser, a quadrupole lens, and a magnet as the essential

ion-optical elements. SHRIMP II differs from SHRIMP I in terms of both the primary- and secondary-ion beam transport in

the source chamber resulting in higher sensitivity. SHRIMP II originally had a single collector (ion counter or Faraday cup),

but this has been replaced by a multiple collection system (see Figure 3).
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MULTIPLE COLLECTION

Multiple collection was originally envisaged for SHRIMP

in 1985 with the fabrication of a chamber and slit bars for

Ti and S isotopic work. However, it was not until the

completion of SHRIMP II that multiple collection for Pb

isotope analysis was seriously considered. The concept for

the multiple collector was based on a triple collector on the

central ray path to collect 206Pb, 207Pb and 208Pb, with two

additional movable heads at higher and lower mass

(Figure 3). Narrow continuous dynode electron multi-

pliers (CDEM) had to be used because of space limitations.

Flexibility was built in to the multiple collector to allow

measurement of stable isotopes with Faraday cups at the

high and low mass heads as well as the central mass

position. The original single collector configuration was

retained with a large ETP discrete-dynode electron multi-

plier at the back of the collector chamber. This multiplier

is made operable by removing the triple CDEM array

from the central beam position and activating a transfer

lens to focus the ion beam to the rear collector.

Development of the multiple collector was arduous.

Many difficulties were encountered with scattered ions,

the operation of the original CDEM, and the general

operation of the mechanisms. In addition, there was the

continual requirement of providing effective analytical

time for SHRIMP users. The successful implementation

of the collector was essentially coincident with the

report of oxygen isotope compositions of Hadean zircons

(Mojzsis et al. 2001; Wilde et al. 2001) which renewed

interest in obtaining substantial numbers of zircons for

different types of analysis (Harrison et al. 2002). As such,

analytical protocols were quickly developed in response

to these requirements.

The simultaneous collection of the Pb isotopes allows

a rapid assessment of the 207Pb/206Pb ratio. The exact

measurement of 207Pb/206Pb is not required for screen-

ing Hadean zircons; the issue is whether the grain has

the 207Pb/206Pb of an old (44 Ga) grain vs that of a

younger (53.8 Ga) grain. If the analysis of the Pb isotope

composition shows the 207Pb/206Pb remaining above 0.4,

then a possible Hadean zircon has been discovered. With

a strong primary ion beam (*10 nA), this assessment

can be made in only 5 s.

While Pb isotopic measurements are a cornerstone

of the multiple collector design, the dispersion of the

Figure 3 SHRIMP-II Multiple-Collector configuration for U–Pb analysis. Collectors are aligned along the focal plane (FP) that

is rotated 288 from the axial plane (AP). The axial array has three electron multipliers with set unity mass spacing for 206Pbþ,
207Pbþ and 208Pbþ measurement. The low-mass head is moved to the 204Pbþ position and the high-mass head set such that

when 238Uþ is stepped to the 206Pbþ collector, 254UOþ is measured in the high-mass head. Rapid assessment of Pb isotopic

composition can be made with the Pb isotopic composition alone. Zircons with 207Pbþ/206Pbþ 40.4 are analysed to higher

precision, and with an additional magnet step the U–Pb composition can also be determined. The collector assembly (inset)

includes the collector slit (CS), conversion dynode (CD) and Sjuts continuous dynode electron multiplier (CDEM). The

discrete dynode electron multiplier (DDEM) is available for the axial slit when the axial array is withdrawn, and the transfer

lens (TL) is operating. Faraday cup assemblies are not shown.
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SHRIMP II mass analyser is too large to permit

simultaneous measurement of 238Uþ and 206Pbþ in the

collector. Thus, magnet cycling is required if U and Th

concentrations and a concordance assessment are to be

made. This can be carried out in an analytical sequence

requiring only a single mass change for the magnet in

which 238Uþ is cycled to the 206Pbþ detector, and the high

mass head positioned to simultaneously measure mass

254 (238U16Oþ). The Th concentration can be derived

from the 208Pbþ signal (and the inferred age), and if

desired, the concentrations can be established from the

Uþ (or Pbþ) count rate relative to a standard. Once an

old zircon is detected from Pb-isotope multiple collec-

tion, a full analysis can be made, incorporating the

multiple collection of the Pb species, as well as the U and

UO species collected at the second mass position.

This protocol allows an extremely rapid instrumental

assessment of any zircon, and the rate-limiting step for

zircon measurement becomes how fast the analyst can

position the spot on the next grain. Under normal cir-

cumstances, 100 grains can be assessed in a couple of

hours. However, this requires a high degree of concen-

tration from the analyst such that only a few mounts can

be completed in a session. The success of the rapid

geochronology with the multiple collector thus forced

the development of an automated analysis protocol.

AUTOMATED ANALYSIS

The initial concept for automated analysis was to

replicate the analyst’s operations in terms of the

information available through the computer console.

This involves essentially two independent operations: (i)

secondary-ion tuning; and (ii) sample-stage positioning.

Secondary-ion tuning on SHRIMP generally involves

maximisation of signal at the collector, and principally

through the steering of the secondary-ion beam through

the source slit. This operation can be readily automated

by scanning the steering plates through an appropriate

range and selecting the setting for the maximum ion

transmission. The second stage for automated analysis

is computer control of the sample-stage movement to a

pre-assigned series of spot positions. This requires a

high degree of reproducibility in the sample-stage

positioning system.

Spots to be analysed can be recorded with both their

stage coordinates and a digitised image of the location

as viewed through the SHRIMP optical microscope. This

allows an assessment of the positioning of the spot on

the grain when the sample stage returns to that location

in the course of the analysis routine. Both the focus and

the position of the spot on the grain in terms of lateral

position can be assessed. Such a procedure can produce

a very accurate revisiting of sample sites but is very

slow, with the image recognition taking several min-

utes. This routine is appropriate for high accuracy

revisiting of a limited number of spots, but it is too slow

for rapid assessment of a large number of zircons.

Spot locations can also be designated externally by

marking up a reflected light image of the mount and

recording the pixel coordinates and sample label for each

site. Once the sample is loaded into SHRIMP, four

reference points are visited to define a transformation

from the pixel locations to SHRIMP sample stage coordi-

nates. An advantage of this method is that it eliminates

any cumulative errors related to the sample stage positi-

oning and spot definition. Any sequential offset related to

sample stage performance can be monitored during

analysis by periodically revisiting a designated grain.

Focusing the mount through the SHRIMP optical

image has proved unnecessary after an alternative

method was developed based on the secondary-ion

tuning. For SHRIMP, with a 458 incident angle primary

beam, the spot position (Y: left–right) is correlated 1:1

with the focus (X: in–out). In tuning the secondary-ion

beam through the source slit, any offset in steering

related to the stage position focus is compensated by

changing the steering in the extraction system. Thus,

the magnitude of this steering can also be used to

optimise the focal position of the sample (and the

coincident primary-beam location) by adjusting the

stage position to obtain a nominal Y-steering value.

The analysis of a mount containing 400 detrital

zircons is reduced to taking an image of a mount,

designating the sample analysis locations on the digital

image, loading the mount in to SHRIMP, visiting four

reference points, checking a few positions to make sure

the transformation is appropriate, and then starting the

analysis cycle. SHRIMP can then survey a mount

completely unattended.

In 1983, the first 200 Mt Narryer zircons required 4

days of dedicated analysis time. Now, 400 zircons can be

screened, with Hadean zircons identified and a full U–

Th–Pb analysis performed with minimal operator inter-

vention. In this case, we are no longer limited by

SHRIMP time, and we are ultimately limited by the

time required to mount, document and maintain the

databases of old zircons.

SHRIMP RG

As indicated above, analysis of intermediate-mass

elements (notably REE) is compromised by the high-

resolution requirements in eliminating molecules com-

posed of the major matrix elements. In order to measure

REE abundances, an alternative form of interference

discrimination has been used based on the different

energy distributions of atomic and molecular species.

This energy-filtering technique (Zinner & Crozaz 1986) is

highly effective, but ion yields of the atomic species are

reduced by 99% or more for appropriate exclusion of

complex molecules. Only oxides are left in the spectrum,

and their contributions can be deconvolved mathemati-

cally from the spectrum. Energy filtering is also

effective on SHRIMP (Ireland & Wlotzka 1992; Ireland

et al. 1994), although at the high base resolution of the

SHRIMP (*3000), some oxide interferences are partially

resolved, and the analysis can be compromised, depend-

ing on the oxide to atomic ratio. However, an increase in

mass resolution by a factor of four over that produced by

SHRIMP II would enable the elimination of a wide

variety of isobaric interferences.

This possibility was realised when Matsuda (1990)

presented an ion optic design for a double-focusing mass
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spectrometer that minimised third-order aberrations.

The design incorporates a reverse-geometry configura-

tion, that is, the magnet precedes the electrostatic

analyser and requires a quadrupole doublet before the

magnet. A feature of the design is that it produces four

times the mass resolution of the SHRIMP I geometry for

equivalent source and collector slits, while maintaining

the same sensitivity. A modified version of the Matsuda

(1990) models was used to design SHRIMP RG (Figure 4).

Initial construction of the SHRIMP RG was completed

in 1997. SHRIMP RG includes a standard SHRIMP II

source chamber and primary column and a single

collector (note that multiple collection is not possible

on the SHRIMP RG because of the limited mass range

that can be transferred through the ESA). Initial testing

of SHRIMP RG was problematic, and a satisfactory

refocus of the secondary-ion beam could not be pro-

duced. Following extensive review of the ion optical

design, it was found that an inappropriate fringe-field

model for the electrostatic lenses probably caused the

poor refocus. A revised design for the quadrupole lenses

was installed in 2000, and the refocus was substantially

improved. For low divergence entry into the mass

analyser, SHRIMP RG can produce a mass resolution

of 20 000 with 100 mm source and collector slits (com-

pared with 5500 for the SHRIMP I design). Some issues

remain to be resolved, in particular the low acceptance

of the mass analyser that is limiting sensitivity to *75%

of that of SHRIMP II at M/DM of 5500. SHRIMP RG, being

a double-focusing mass analyser, also has the equivalent

of an energy spectrum at the entrance to the ESA,

although it is really a momentum spectrum. The energy

slit placed here can effectively produce an energy

spectrum of a specific mass and can therefore be used

for energy filtering like the SHRIMP II design.

SHRIMP RG has been successfully applied to a

variety of studies requiring high mass resolution, such

as 182Hf–182W systematics of meteoritic zircons (Ireland

& Bukovanská 2003) and other isotopic systems requir-

ing high abundance sensitivity (Ireland et al. 1999), as

well as determination of REE and other trace-element

abundances (Ireland & Meibom 2002; Holden et al. 2005;

Kallio & Ireland 2006).

STABLE ISOTOPES AND SHRIMP SI

Stable-isotope analysis has long been recognised as a

valuable capability with SIMS instrumentation. Initial

experiments with SHRIMP I concentrated on the

measurement of Sþ isotope ratios in sulfides sputtered

with O7 primary ions (Eldridge et al. 1987). The

reproducibility was limited by counting statistics to

around the 1% level, although concurrent work on Mg

isotope ratios indicated that precision and reproduci-

bility better than 0.5% were possible (Ireland et al. 1986).

Figure 4 SHRIMP RG utilises a reverse-geometry mass-analyser configuration (magnet precedes electrostatic analyser) to

produce four times the mass dispersion compared with the forward-geometry SHRIMP II design. This allows the SHRIMP RG

to operate with mass resolution of 20 000 with 100 mm source and collector slits, or 5500 with 400 mm slits as used in zircon

geochronology. The design requires a beam-matching system consisting of a quadrupole doublet to match the secondary-ion

trajectories to the acceptance of the magnet, and a quadrupole lens at the exit of the ESA that acts as a projection lens.
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The main issue with the S isotope measurements was

that sulfur does not produce high ion yields of Sþ.

However, using a Csþ primary-ion beam and S7

secondaries, intense signals are produced that are

suitable for Faraday cup measurement.

The incorporation of a Kimball Physics Inc. Cs ion

gun on to the SHRIMP II primary column allows

measurement of S isotopes in sulfides with measure-

ment precision better than 0.1% in a few minutes of

analysis. However, bombardment with Csþ is proble-

matic because of charging produced by the deposition of

positive charge and the extraction of negatively charged

secondaries (and electrons). For sulfides, this is not of

great concern because most sulfides are sufficiently

conductive that significant charge buildup around the

primary beam spot does not occur. However, for oxygen-

isotope analysis in insulating samples, this is not the

case. To neutralise the positive charge buildup of the

target, an electron beam is focused on to the analytical

site with an energy of *1 kV to overcome the potential

in the extraction gap (Ireland 2004). This system has

been tested on SHRIMP II and, in combination with the

multiple collector, can yield internal measurement

errors better than 0.2% for 18O/16O and reproducibility

at the 0.5% level for insulating samples.

The stable-isotope capabilities on SHRIMP II are

compromised to a degree by the requirement for a

flexible analytical configuration that also allows multi-

ple collection of Pb isotopes. The latest SHRIMP

development is the building of the SHRIMP SI that will

be dedicated to stable-isotope analysis.

SHRIMP SI builds on the stable-isotope capability of

SHRIMP II but takes out a number of compromises in

design that allowed the flexibility to analyse over a

wide mass range. SHRIMP SI still uses the Matsuda

(1974) design for the mass analyser but has very

different source chamber/primary column and multi-

ple collector configurations as compared with SHRIMP

II. The source chamber is designed to improve vacuum

pressure in the target region by at least two orders of

magnitude (down to 10–8 Pa) through minimisation of

chamber volume and differential pumping to adjacent

chambers. In addition, the in vacuo sample stage

motors are replaced by an external motor-drive system,

and the sample lock has a two-stage pumping system to

minimise introduction of atmospheric water to the

system during sample loading. The primary column is

grounded and concludes with an immersion lens

allowing spot sizes down to *1 mm in critical illumina-

tion, while still maintaining the Kohler illumination

capability. The intermediate extraction lens (as used

originally in SHRIMP I) has been reincorporated into

the design, and the extraction plate is split into four to

allow steering directly from the target. Steering plates

in the secondary-ion extraction system are installed in

quadrature to minimise aberrations and maintain the

beam along the central ray path in the secondary-ion

beam axis. The multiple collector has three collectors

allowing either Faraday cup or (large) ETP multipliers

to be installed, but only with manual interchange. The

large multipliers restrict unit mass separation to one

part in *40, thereby allowing integer-mass multiple

collection up to S, or two mass separation up to Br.

Completion of component fabrication is expected in

late 2008 with initial testing in 2009.

It is clear that the combination of in situ radiogenic-

isotope, stable-isotope, and trace-element geochemistry

will provide valuable insights in to petrogenesis of a

variety of igneous, metamorphic and sedimentary

systems with precision, accuracy, and reproducibility

approaching conventional techniques.

SAMPLE IMAGING

One of the main reasons for doing SHRIMP analysis, as

opposed to using any other technique, is the ability to

target a specific region of a grain and be able to analyse

it. As an added bonus, most of the sample is still there

after analysis allowing post-analysis examination for

evaluation of any unusual results. This is not possible

with TIMS where the zircon is dissolved or loaded

directly to the filament for analysis. Even with LA-ICP-

MS analysis, a 20 mm spot may be possible on the sample

surface, but typically the zircon is bored through such

that most of the analysis could be in a zone initially

hidden from the surface. In turn, characterisation of

samples through various imaging techniques has be-

come an important step prior to SHRIMP analysis.

Originally, transmitted-light and reflected-light

images were used simply to avoid areas of potential

disturbance (e.g. metamict or cracked zircon). However,

optical light seldom reveals the inner growth zones of a

complicated zircon so that a spot could overlap two (or

more) domains potentially of different age. The use of

cathodoluminescence has proved particularly impor-

tant in this regard (Vavra 1990; Hanchar & Miller 1993),

allowing specific structural domains of a zircon to be

targeted, such as xenocrystic cores, or morphologically

and/or chemically distinct overgrowths. Whether these

zones have different ages becomes part of the targeting

strategy on SHRIMP.

While the SHRIMP design does not allow direct ion

imaging of the sample surface, rastering the beam over

the surface, or moving the sample stage under the beam

can be used to produce ion images. Such images are

important where quantitative information regarding

the distribution of isotopes in a target is required. An

example is shown in Figure 5 where a Hadean zircon has

been imaged by four different methods. The transmitted

light image (Figure 5a) shows a uniformly translucent

grain except for a mineral inclusion and a fracture

passing through the inclusion in a vertical orientation,

apparently splitting the grain into two parts. A second-

ary-electron image (Figure 5b) shows the inclusion

exposed at the surface and the SHRIMP pit originally

used to identify the zircon as Hadean. The cathodo-

luminescence image of the grain (Figure 5c) shows some

degree of complexity with a distinctly sector-zoned core

surrounded by a more uniform thick rim.

In Figure 5d, a 207Pb/206Pb ion image is shown that

was produced on SHRIMP I by compiling 167 individual

U–Th–Pb analyses. An interesting aspect of this type of

analysis is that the analyses from SHRIMP I are quite

insensitive to the removal of the conductive coating or

other issues related to producing an image of such a
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large area. Despite the appearance of the core and rim in

Figure 5c, the 207Pb/206Pb age of the zircon is not related

to the cathodoluminescence zonation. Rather, the
207Pb/206Pb age is affected by the fracture passing

through the zircon where ancient Pb loss is apparent

(and is also indicated by discordance in the U–Pb

system). The grain shows a uniform 4.1 Ga age in the

right half of the grain, but the left-hand side of the grain

shows a gradation from 4.1 Ga near the fracture to under

4 Ga at the left hand edge. The fracture also has ages

falling to under 3.9 Ga. The left-hand side of the grain

has experienced significant Pb redistribution at some

stage. Remarkably, the initial reconnaissance SHRIMP

spot was placed fortuitously in the 4.1 Ga area on the

left-hand side of the grain; further to the left, and this

grain may not have been identified as Hadean and not

designated for further work. This indicates that there

may be aspects of serendipity in the discovery of Hadean

grains, particularly where the oldest components

(44.3 Ga) are concerned. As such, the methodology

regarding a single analysis for discovery of the grain

should probably be supplemented by ion imaging,

especially for grains potentially older than 4.2 Ga.

CONCLUSION

SHRIMP was designed to be a geological ion microprobe,

and it has been applied to many different types of

sample analysis. That SHRIMP has been most often

Figure 5 Images of a Hadean zircon (RSES91–3.18). The transmitted-light image (a) reveals a rounded detrital grain with an

inclusion and fracture passing through the grain. This grain was identified from a concordant 4.15 Ga age from the spot

location as seen in the secondary electron image (b). Cathodoluminescence imaging (c) reveals that this grains has a

structured core surrounded by a uniform rim. However, the 207Pb/206Pb ion image of this grain (d), based on 167 separate

analyses, shows no distinction in age between the core and the rim (grain and inclusion as outlined). However, Pb loss and

lower 207Pb/206Pb ages are associated with a fracture zone [as evident in the transmitted-light image (a), bottom-right]. There

is also a tendency for younger ages to occur on the left end of the grain. The ion imaging (d) shows that the identification of

Hadean zircons based on single analyses could miss significantly older age domains, or be affected by Pb disturbance. For the

identification of this grain, the spot location fortuitously was aligned with a 4.15 Ga concordant domain. In other grains

which we have designated as discordant, there may be concordant, well-behaved zircon. For zircons which we have

designated concordant, much of the zircon could be discordant. Ion imaging is likely to be an important tool in characterising

Hadean zircons.
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applied to problems in zirconology simply reflects the

success of the instrumentation, the applicability of

zircon to problems in geochronology and the occurrence

of zircon in many rock types. However, SHRIMP is not

just for zircon geochronology, with U–Pb being analysed

in many minerals, notably monazite, titanite, xenotime,

allanite, etc. SHRIMP is not even solely for geochronol-

ogy with much work on stable-isotope systems, extra-

terrestrial sample analysis, and trace-element

abundances.

SHRIMP instrumentation has progressed with ad-

vances in electronics, reconfigurations and modifica-

tions to existing instruments, including the multiple

collector and negative-ion capability, and the design of

new SHRIMP versions, such as the SHRIMP RG. The

latest developments are centred on the SHRIMP SI, a

new instrument of similar ion optical design to SHRIMP

II, but dedicated to, and optimised for, stable-isotope

analysis.

SHRIMP is now an accepted mainstream geochrono-

logical tool and is a cornerstone of accurate U–Th-Pb

analyses of complex zircons (and other minerals) from

rocks in Australia and elsewhere. The ease and simpli-

city of the dating methods have also made this

technology widely available such that inexperienced

users are readily able to conduct their own analyses on

their own materials allowing strategies for constraining

geological events to be made in real time.
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APPENDIX 1*: DESIGN OF A LARGE, HIGH-RESOLUTION ION MICROPROBE

S. CLEMENT, W. COMPSTON AND G. NEWSTEAD

Research School of Earth Sciences, Australian National

University, Canberra, ACT 0200, Australia.

An ion microprobe intended for the analysis of natural

silicates requires both high mass resolution, to separate

interferences in the complex secondary ion spectra, and

high sensitivity to enable detection of trace elements

and accurate measurement of isotope ratios. An instru-

ment designed to have a sensitivity comparable to

existing low-resolution machines while operating with

a resolution of M/DM¼ 104 is now under construction in

the Research School of Earth Sciences in Canberra. In

order to satisfy the above criteria, a large instrument,

having a magnet radius of 1 m, is considered necessary.

Fabrication of the component parts is now approaching

completion, and the assembly and testing of the system

are expected to begin shortly.

INTRODUCTION

Preliminary plans to construct an ion microprobe at the

Australian National University in Canberra were pre-

sented at the SIMS Workshop held at Gaithersburg in

1974. At that time, it was recognised that for chemical and

isotopic studies of geological specimens, both high

sensitivity and high mass resolution would be wanted.

The stated design goal was to combine a resolution of

10 000 with a sensitivity comparable with that of existing

low-resolution ion microprobes. It was demonstrated that

in order to achieve this combined objective, the instru-

ment should have as large a secondary mass analyser as

possible. Since that meeting, work on SHRIMP (Sensitive

High Resolution Ion MicroProbe) has progressed to the

point where fabrication of many of the components has

been completed, and assembly has begun. It is now

considered appropriate to present a more detailed report

on the design of the new ion microprobe.

In the description which follows, the instrument is

considered as made up of a number of parts or systems,

each having a particular function: the primary column,

the secondary extraction system, the sample handling

system, the secondary analyser and the magnet control

and data-handling system. We shall begin by consider-

ing the primary column.

*Extended abstract prepared for the First International Conference

on Secondary Ion Mass Spectrometry held in Münster in 1977

(Clement et al. 1977) outlining the original concept and design for

SHRIMP: the conference proceedings volume was never published.
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PRIMARY-ION SOURCE AND FOCUSING SYSTEM

A commercial duoplasmatron (General Ionex Model 358)

capable of generating both negative and positive ions

was chosen as the primary-ion source and will be

modified to operate with a hollow cathode discharge in

place of the standard filament. An extraction gap and

power supply providing up to 30 kV accelerating

potential for the primary beam are also included.

The primary focusing system consists of two con-

denser lenses, each intended to operate with a magnifi-

cation of 1/5, giving a magnification of 1/25 for the

whole system. When the duoplasmatron is operated

with a 0.1 mm aperture, it is reasonable to expect an

apparent source spot 0.025–0.050 mm in diameter to act

as object for the system (Drummond & Long 1969).

Neglecting aberrations, this would provide a demagni-

fied primary spot approximately 0.001–0.002 mm in

diameter at the target. A symmetric tube type einzel

lens has been used for the first condenser lens. The

second or final condenser lens is an integral part of the

secondary extraction geometry and, as such, is dis-

cussed further in that section. Although the unusual

form of this lens prevents an accurate estimate of the

coefficient of spherical aberration, rough calculations

suggest that, with apertures limiting aberrations to a

few micrometres, primary beam currents of the order of

10710 to 1079 A can be achieved.

No attempt has been made in the initial design to

incorporate mass separation of the primary beam, but it

is intended that a Wien filter be added at a later date.

Differential pumping of the primary column is

provided by a pair of 400 L/s triode ion pumps suitable

for pumping both active and inert gases. It is intended to

operate initially with oxygen and bombard with O7, but

other primary species may be substituted.

SECONDARY EXTRACTION AND FOCUSING
SYSTEM

The function of this system is to transmit the largest

possible fraction of the sputtered ions from the specimen

surface into the secondary mass analyser. The design

cannot, however, be considered in isolation from that of

the final primary beam condenser lens or of the arrange-

ment for viewing the sample during bombardment.

Consider first the relation between the incident

primary beam, the direction of extraction of secondary

ions and the sample surface. It is desirable for the

secondary beam to travel along the normal to the sample

surface in order to minimise energy discrimination and

because this should correspond to the mean axis of

emission. At the same time, it would be advantageous

for the primary beam to strike the surface from a

direction as close as possible to the perpendicular. Liebl

(1972) has described an arrangement permitting simul-

taneous bombardment and extraction along the normal

to the surface provided that the two beams have

opposite polarity and that the energy of the secondary

ions is much less than that of the primary beam. This

approach has not been followed here because it was felt

that high extraction potentials (up to 25 kV) would

increase extraction efficiency and that, in view of the

variety of applications possible for this instrument, the

option of using any combination of positive or negative

primary and secondary beams should be retained.

Hence, a compromise solution has been adopted in

which extraction is normal to the sample surface while

primary bombardment is at an angle of 458. Figure 1

illustrates the layout of the source region.

The electrode configuration for the final primary

condenser lens combines a short working distance

(20 mm) with a large bore to reduce spherical aberra-

tion. In addition, the form of the einzel lens has been

made asymmetric with the smallest (6 mm) bore dia-

meter nearest the target. It has been shown (Drummond

& Long 1969) that the spherical aberration coefficient for

an asymmetric lens is smaller than for a comparable

symmetric lens.

The proposed application of this instrument to

geological analyses leads to the need for observation of

the sample surface under high magnification, preferably

using either transmitted or reflected light. This require-

ment has been satisfied by the use of a Schwarzchild

type aplanatic, anastigmatic objective (Burch 1947)

consisting of two spherical mirrors (Figure 2) and

described by the following parameters:

f ¼ 17:5 mm

m ¼
�
2þ

ffiffiffi
5
p �

f ¼ 74:13 mm

e ¼ 2f ¼ 35:0 mm

r ¼
�
1þ

ffiffiffi
5
p �

f ¼ 56:63 mm

R ¼
� ffiffiffi

5
p
� 1
�
f ¼ 21:63 mm

Analysis of the function of the secondary extraction and

focussing system may be done in terms of the phase

space concepts of beam transport theory (Banford 1966;

Regenstreif 1967; Clement & Compston 1973). As Ruede-

nauer (1971) has pointed out, a comparison of estimated

secondary beam emittance with instrument acceptance

suggests that existing instruments are transmitting only

a small fraction of the sputtered ions. The design of the

system described here has therefore been carried out

within the framework of beam transport theory. It

should be noted, however, that the above estimates of

beam emittance (Ruedenauer 1971) are almost certainly

optimistic in two respects. First, the charge distribution

within the secondary emittance is unlikely to be

uniform but will depend on both angle of secondary

emission and intensity of primary bombardment, and

second, the spherical aberration in the initial stages of

extraction leads to a non-linear distortion (Jung 1971),

which increases the effective emittance area. In view of

these comments, the phase space calculations have only

been carried out in an approximate form.

As will be discussed more fully below, the secondary

mass analyser has an acceptance in the XY plane (the

plane of deflection in the analyser) of

Amax ¼ 8:8� 10�4 mm-rad
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This is defined by the analyser entrance slit width of

0.044 mm and divergence half-angle of 0.01r, for a

theoretical mass resolution of 10 000. Since these figures

assume perfect double focusing, it was felt that an

entrance slit width of 0.03 mm was more realistic.

Assuming a primary beam diameter of 0.01 mm, there-

fore, a magnification of 36 is needed in the extraction

and focusing system. This system (Figure 3) consists of

three sections: the extraction system, the intermediate

lens and the phase space matching system. The first of

these, the extraction system, may be thought of as a pair

of two electrode tube lenses (Read et al. 1971). Simple ray

tracing indicates that if these are adjusted so that the

sample lies in the front focal plane of the first lens, then

an image will be formed in the back focal plane of the

second (point A). The magnification will be approxi-

mately 16, and the emittance will be approximately

rectangular. The intermediate lens serves simply to

transfer the beam again with unit magnification to form

another image at point B. The beam matching system is

made up of three symmetrical slit einzel lenses (Archard

1954), two active in the XY plane and one in the XZ

plane. Having two lenses provides a variable magnifica-

tion in the XY plane, from 36 to 1/36, for use with

different primary spot diameters. A single lens is

considered sufficient in the XZ plane, since the accep-

tance of the secondary analyser is larger in this case. To

first order, the phase space transformations produced by

the intermediate lens and the matching system should

leave the emittance approximately rectangular. Figure 4

shows a theoretically possible first-order matching

between beam emittance and instrument acceptance in

Figure 1 Schematic of SHRIMP source chamber and primary column.

Figure 2 Schwarzchild lens system for SHRIMP reflected-

light viewing optics.
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both YY0 and ZZ0 planes assuming a 0.01 mm primary

spot, 25 kV accelerating potential and a 0.03 mm

analyser entrance slit width. The emittances are shown

as having indefinite extent in the direction correspond-

ing to the angle of emission from the sample, since there

is no theoretical upper limit to the transverse energy.

However, the density of particles drops off in the

indicated direction, since dN/dE decreases with in-

creasing energy beyond the limits defined by the

acceptance. It is possible to calculate the transverse

energy corresponding to this theoretical cut-of, since, to

first order, the emittance defined by all particles having

transverse energy less than ET is

ey ¼ 2d

ffiffiffiffiffiffiffi
ET

Ea

s

where d is the diameter of the primary spot (0.01 mm),

and Ea is the energy of the beam after acceleration

(25 keV).

If the emittance is limited by the acceptance as

shown in Figure 4, then

2d

ffiffiffiffiffiffiffi
ET

Ea

s
¼ Ay ¼ 6� 10�4 mm-rad

or

Er ¼ Ea
Ay

2d

� �2

and ET ¼ 22:5 eV

The above figure represents the maximum initial

transverse energy, which an ideal matching system

would transmit, and it is recognised that aberrations

will limit the extraction efficiency actually achieved.

Computer simulation of potentials and trajectory

plotting demonstrates, as might be expected, that the

dominant effect will occur in the first stages of extrac-

tion, where the ions are moving slowly and at large

angles to the ion optical axis. Perhaps further intensive

work on the problem will reveal a better arrangement,

although, as mentioned above, the electrode shapes are

severely constrained by the primary condenser and the

microscope objective. In order to facilitate ion optical

experimentation the first two extraction electrodes can

be removed through the vacuum lock. This also enables

them to be cleaned more readily.

SAMPLE-HANDLING SYSTEM

Samples can be inserted through a vacuum lock, with

one sample mount inside the source region while

another is pumping down in the lock. Each mount can

accommodate a single specimen up to 25 mm in

diameter, or possibly several smaller ones.

Translational motion along all three axes has been

provided; up to 3 mm in the X direction (normal to the

sample surface) and 25 mm in the Y and Z directions.

These transverse movements are driven by micrometers

fitted with position encoders giving a digital read-out of

position accurate to+0.002 mm.

SECONDARY ANALYSER

A double focusing mass spectrometer is necessary to

achieve high mass resolution in the analysis of the

secondary ions. The layout chosen (Figure 5) is one

given by Matsuda (1974), using a combination of a

cylindrical electrostatic analyser, an electrostatic quad-

rupole lens and a homogeneous magnetic field to

eliminate any significant second-order aberrations. As

given in Matsuda (1974 table 5), the parameters defining

the geometry of the analyser are shown in Table 1.

The performance of this design has been simulated

using a computer program by Kaiser (1964), modified to

include electrostatic quadrupole lenses. This program

includes fringing field integrals to second order only,

whereas Matsuda’s calculations include third-order

integrals. This difference is not serious, as the simula-

tion confirms Matsuda’s conclusions. The exact values

of the integrals are likely to differ slightly from those

assumed by Matsuda in any case, since slight modifica-

tions to design parameters have been made (for

example, the magnet gap width is 0.04rm, instead of

0.06rm). By adjusting parameters such as Ko, dqm, 10e,

100m, it should be possible to achieve double focusing

with only a small contribution to beam width due to

Figure 3 Secondary-ion extraction

system. A and B indicate focal

positions of the lens system. X and

Y show the coordinate system.

Figure 4 Emittance of secondary ions from source chamber

and acceptance of mass analyser.
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aberrations, since the aberration coefficients do not

change rapidly with small variations in the geometry of

the instrument (Matsuda 1974). In order to combine high

mass resolution with sensitivity, the dimensions of the

machine have been made as large as was considered

practical. The radius of curvature of the magnet was

therefore set at 1000 mm, with other dimensions in

proportion. This gives a theoretical resolution of MD/

M¼ 10 000 with the source entrance slit set at 0.044 mm.

A feature of this mass spectrometer is the existence

of an intermediate image between the electrostatic

analyser, which permits the sharp definition of energy

limits. The advantage of such an arrangement has been

pointed out by Steele et al. (1977). A slit with a width

variable from 0 to 6 mm (corresponding to an energy

band width of 150 eV in 25 keV) has been provided at this

image point.

The analyser entrance and collector slits are adjus-

table from 0 to 2 mm and can be rotated about the beam

axis to permit correction of misalignment of slits or

beam. In addition, collimating slits limit the half angle

of divergence of the beam entering the analyser to a

maximum of 0.01 rad.

The mechanical design of SHRIMP is such that the

magnet is fixed, while metal bellows in the vacuum

housing allow the positions of electrostatic analyser, the

source and the collector to be adjusted. For this purpose,

the collector, in particular, has been mounted on a

carriage permitting translation in two directions plus

rotation in the horizontal plane about the collector slit.

Because rapid, precise, switching from one peak top

to another is considered necessary either for isotopic

measurements or for measuring the abundances of a

large number of trace elements, special attention has

been paid to the design of the analyser magnet. The yoke

segments have been laminated from 12 mm low carbon

steel and the pole pieces from 2 mm soft ion sheet.

Purcell filter gaps separate the polepieces from the

yokes. Extra insulation has been applied to the coil

windings to prevent damage during switching transi-

ents. Field sensing is by Hall effect probe (modified

Varian Fieldial), and the magnet switching is controlled

by an online computer. Manual control is available as

an alternative. It is expected that full response to a field

step of 10% will be achieved in approximately one

second, despite the large mass of the magnet (approx. 7

tons). Details of the system will be published separately.

Two modes of ion detection have been provided in the

collector, a Faraday cup and an ion multiplier. The

Faraday cup has been included because large beams

may be obtained, particularly when the instrument is

being operated in a low-resolution mode with very wide

slits. Located on the beam path in front of the ion

counter, the Faraday cup has a sliding bottom, which

can be retracted to allow the beam to pass into the ion

counter, a Balzers SEV 117.

Table 1 Ion optical parameters.

l0e¼ 1.290 deq¼ 0.15 rm¼ 1.0

øe¼ 858 L¼ 0.22 e0 ¼ 158
re¼ 1.272 Ko¼ 1.91 e00 ¼ 0

Q1¼ –4.0 dqm¼ 1.129 l00m¼ 0.894

Q2¼ 0 – –

Figure 5 Schematic of SHRIMP layout.
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An additional feature of the collector is the incor-

poration of a retardation lens for the suppression of low-

energy scattered ions (Clement & Compston 1973; Free-

man et al. 1967; Kaiser & Stevens 1967). Such suppres-

sion is of particular importance in SHRIMP because of

the long beam path and the multiplicity of species,

which would lead to severe problems of ‘trails’ from a

major component interfering with a trace element or a

low-abundance isotope. A design based on that of Kaiser

& Stevens (1967) was selected as most suitable for use

with high voltages.

MAGNET CONTROL AND DATA COLLECTION

A Hewlett-Packard 2116B computer is online to SHRIMP

to control the magnet switching and data collection as

well as initial data reduction. The computer is inter-

faced to a Princeton 801 graphic display terminal and

Tektronix 4632 video hard copy unit for operator control

and data display purposes. Development of the software

is in the hands of D. Kerr of the Bureau of Mineral

Resources in Canberra.

CONCLUSIONS

Construction is now well advanced, and it is expected

that SHRIMP will soon be in operation and that it should

provide a powerful analytical tool in the field of earth

sciences. It is presently envisaged that the initial

applications will be primarily isotopic but study of the

problems of elemental abundance analysis, particularly

for trace components in silicates, will be included. An

instrument with the potential capabilities of SHRIMP

should have important contributions to make to the

understanding of the processes involved in sputtering

and secondary ion formation.
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