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Abstract. Thecostsof AcceleratorMassSpectrometr§AMS) systemsfor radiocarbonrmeasurements
havedroppedsharplyin recentyears,but at $1M to $1.3M, theseinstrumentsstill representmajor
mvestmentsHowever thesecosts are not excessivefor a facility producing severalthousandhigh
precision*’C analysesper year. Here we describemethods developedat the AMS laboratory at
University of Californialrvine (UC Irvine) for achievinghigh throughputat high precision.Key factors
include: large-scaleparallelismin sample preparation plus streamlining of sample pretreatment
proceduresgevelopmenbf a robustand easily maintainablehigh outpution source;removalof data

analysisbottlenecksandtraining of laboratorypersonneto ensurethat severaktaff memberscancarry
out critical functions.

1. Introduction

The Keck Carbon Cycle AMS laboratory at University of California Irvine (UC
Irvine) [1] wassetup in 2001- 2002to useradiocarborAMS to help understandhe
carboncycle andits interactionswith the climatesystem.The AMS system(Fig 1) is
basedn aNational ElectrostaticsCorp. (NEC) 1.5SDH-10.5MV pelletronwith 40-
sampleMC-SNICS ion source.Three years after installation, the systemroutinely
measure500unknowrs per month, measuremergrecisionsaretypically 2-3%., and
backgroundgor graphitizedcoalandcalcitesamplesareequivalento radiocarborages
in exces®f 55,000years.
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FIG. 1. TheUC Irvine AMS spectrometerThe overalldimension®f the systemare 4.7 x
5.5m. (BPM = BeamProfile Monitor, F/C = FaradayCup).
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Before our systemwas purchasedpther researcherf2,3,4] had shown that these
small commercialspectrometersvere capableof high precision measurementsand
importantly, that the NEC hardvare and software systemswould run reliably
overnightunattended However, as describedbelow, severaladditional factors are
critical for satisfyingthe twin requirementsf high throughputandhigh precision.

2. SamplePreparation

Large-scaleparalleism in samplepreparationcoupled with streamliningof sample
pretreatmenproceduress essentiafor high throughputandrapid sampleturnaround.
We currently operate three sample preparation laboratoriesat UC Irvine; one
associatedvith the AMS laborabry itself plus two others that support major

programsusing the spectrometerEach laboratory has an areaof 100 - 150 m2,
comparablavith the sizeof the roomhousingthe AMS spectrometeitself.

Presentsampleprocessingcapabilitiesinclude simple acd-alkali-acid treatmentand
sealedube combustionof organics;leachingand hydrolysis of carbonatescellulose
extractionscollagenextractionfrom bone,andextractiorof CO2 from air samplesand

from seawater.Other methods currently under developmentby researchersand
studentgnclude DissolvedOrganic Carbonextractionfrom seawater(UV oxidation)
andseparatiorof simplecompoundclasseglipids, carbohydratesetc) from soilsand

other organic materials.A preparativecapillary gas chromatograptplus cryogenic
trapping system for isolating single compoundsfrom sample matrices will be
purchasedhortly.

We havesimplified and streamlinedhe preparationproceduredor routine samples
whereverpossible.For example,samplesare processedn paralkl in large batches,
reagentarepurchasedeady-mixedandall acidand basetreatmentsarecarriedout in

disposablel3mmtesttubes. Time-consumingcentrifugationcanbe avoidedin many
caseshby careful use of ultra-fine tip pipettes for removing supenatant liquids.

Carbonatesamplesare leachedand hydrolyzed in disposableseptum-sealed3mi

Vacutainerblood collection vials, using disposablehypodermicneedledo introduce
and removegased5]. Samplepacking proceduresare simple, avoiding the use of

pressesndotherelaboratéoadingfacilities: preparedyraphitesamplesaretampedby

hand into sample holdersusing a piece of drill rod which is then hammeredto

compresghegraphite.

Our twin 12-reactothydrogenreductionlinesfor graphiteproducton from CO, (Fig

2) canroutinely produce48 samplesper day, for samplesfrom 1mgdown to a few

micrograms.An unusual feature of the reactor design is the use of magnesium
perchloratdo absorbwaterfrom the graphitizationreaction[5], avoidingthe ne=d for

elaboratecryogenic or thermoelectriccooling apparatusor frequentfilling of cold

traps.The perchloratas usedthreetimesandthendiscardedyell beforesaturation.

We also produce graphite by zinc reductionin sealedquartz tubes in a batch
processingnode[6], with acapacityof about40 samplegerday. In ourlaboratory,
this methodis usedprimarily for near-Moderrsamplesbput it is noteworthythat
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FIG. 2. Oneof two 12-reactorgraphitizationlinesin the samplepreparationlab.
Reactortemperaturecontrollers and pressuremonitoring readoutsare mountedin the
rack abovethe line.

backgrounddor 1 mg samples(without on-line zinc distillation or other elaborate
pretreatmentire50,000'“C yearsBP. Precisionsareas goodas thoseachievedwith
hydrogen-reducegraphite andion sourceoutputsareonly slightly lower.

In additionto the samplesproducedin-house,we measurean additional1500-2000
samplesper year (including standardsand blanks) that are received as prepared
graphitein sampleholdersfrom two other universitiesanda commercialradiocarbon
laboratory.Providedthroughputat externalsamplefacilities is sufficiently high that
processingontinuity andthereforequality aremaintainedthe useof externalgraphite
preparationlaboratoriesis a very cost-effectiveway of ensuringthat an AMS

spectrometeis usedefficiently.

3.lon Source

In modernAMS spectrometersthe beamtransportefficiency (ions detectedas a
fraction of ion sourceoutput) is determinedprimarily by the electron stripping
efficiencyto agivenchargestate plus beamossesn the high energyacceleratiortube
dueto scatteringn the stripper.Typical radiocarbonspectrometegfficienciesrange
from about 35% to 50% [7]: in other words, transport efficiencies spana rather

narrowrangeof about1.5:1.In contrast,on sourceoutputsof C- reportedrecently
[7] vary by morethan a factor of 30, from 5-10 4A to over 200 YA, indicating the
overwhelmingimportanceof the sourcefor overall systemperformancelon source
upgradinghasthereforebeena majorpartof ourin-housedevelopmenprogram.
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FIG. 3. TheMC-SNICSion source plus the track systembuilt into the sourcehigh voltage
rack for in-placeservicing.

3.1Reliability issues

Our initial upgradego the NEC sourcewere primarily for improving reliability and
serviceability[8]. A sliding track systemwas built into the existing power supply
rackto allow the sourceto be rolled backfrom the beamlinefor servichgin-situ (Fig
3). The Csovenanddeliverytubewereredesignedothat the deliveryline was heated
by conductiorfrom the ionizer assemblyandwas vacuum-insulatedhroughout.This
reducedCs consumptionby 50% andcompletelyeliminatedcloggingof the delivery
tube. Changesto the geometryof the ionizer assemblyand extraction electrodes
eliminatedmost of the arcing problemsin thoseregions;andcooling the downstream
end of the sourcehousingtrappedmore stray Cs in the sourcebody and further
reducedextractorarcing. Problemsof sparkingfrom Al samplewheels at source
startupwereeliminated,first by improvedcleaningproceduresand subsequenthby
adoptionof anewcopperandstainlesssteelsamplewheeldesign.

3.2 Vacuum improvement

The standardNEC extraction/einzelens assemblylimits the pumping conductance
betweerthe sourceanddownstreamvacuumpumps.We rebuilt the internalextractor
andlenselectrodesvith a moreopen structure,andreplacedall aluminumpartswith
stainlesssteelfor easeof cleaning.We also replacedthe NEC preacceleratiortube
downstreamof the extractionassemblywith a larger fully shielded Ceramaseal
insulator.The conductancéncreasedy a factor of three,leadingto a large reduction
in the pumpdowntime requiredafter samplewheelchangesPreviously,high outputs
couldonly beachievedafter 30-60minutesof pumping(turningthe ionizerandCs
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FIG. 4. Housing for the Spectramat ionizer. Cs vapor enters through the hollow stud on
the left and fills a circular gallery at the top of the housing. Six apertures direct jets of
vapor on to the spherical ionizing surface in the interior of the assembly. The ionizer
heater lead appears at the right. The overall diameter of the base is 6.5 cm.

ovenon earlier had little effect). After thesechangesthe sourcecanbe turned on
almostimmediately.

3.3 Spherical ionizers

Sphericalionizers provide inherently better Cs focusing than the standard NEC
conicaldesign[9,10]. We havereplacedhe conicalionizerwith a new assemblybased
on the sphericalHeatwave/Spectramainizersusedin the LawrenceLivermore [10]
andHighVoltageEngineeringeuropa(HVEE) sourceqFig 4). The Cs focuselectrode
in the standardsourcewas replacedby an immersion lens at cathode potential,
eliminatingthe Csfocuspowersupplyandprovidingimprovedlocal pumpingaswell
asincreasingclearancedvetweenelectrodesn the critical centralregion of the source.
Wehavealsobeguntestingsphericaionizersbuilt by NEC, with eledrode geometries

similar to thoseof Hausladeret al. [9], but incorporatingacathodeimmersionlens.C-
currents of over 150uA have been observed in initial tests, suggesting that
performanceavill besimilarto that achievedwith the Spectramaassembly.

3.4 Sourceperformance

The MC-SNICS/Spectramatombinatiorroutinely deliversC- outputsof 150 pA at
sputteringvoltagef 7.5kV, sufficientto measurex wheelof 40 samplesto 2-3%o in
lessthan24 hours.Turnaroundimesaftera wheelchangearelessthan onehour, and
acompletesourcecleaning(requiredeveryfew weeks)takes6 hoursor less,including
pumpdownandoutgassindime.

We havefound that the well-focusedCs beamfrom the sphericalionizer drills a
remarkablystraight-sidedlat-bottomed holeinto the sample,so that sourceoutputis
maintaineduntil essentiallyall of the samplematerialis consumedOn large (1mg) test

samplesrun to extinction,we havemeasureaver 10% of the 14C atomspresentin
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the samples,correspondingo sourceefficiencies above 20%. Importantly, source
efficiencies are 10-15% for 5-10ug carbonsamples,indicating that high precision
(<1%) measurementsn ultra-smallsamplesmay be possible, though subject to
resolutionof serioussamplepreparatiorandbackground issues.

4. Data analysis

Removalof dataanalysisbottleneckss anotherprerequisitefor high throughputWe
usethe LawrencelLivermore"Fudger"AMS analysiscode(T.Ognibenepers.comm.)
as our primary analysis tool, but the stripchart recordermodule within NEC’s
equivalent“abc” software is used routinely, for detailed scanningof data from
individual measurememtinsto determinghe cause®f anomalies.

Typically, the 40 samplesin a wheel (25 unknowns plus primary and secondary
standardsand processblanks) are eachmeasured-10 times over 24 hours. Data
analysisbeginswith a quick visualscanof the datafrom all 300 - 400 measurement
runsto detectanomaliesdueto acceleratoror ion sourcesparksor other problems.
Theserunsareconsiderd lost andareeliminated:no attemptis madeto cut out “bad”
regionswithin agivenrun. Theresultsarethencorrectedor isotopic fractionationand
normalizedto a setof six or morealiquotsof the OX1 radiocarborstandardusinga
running meanof the standardsto normalizeout any time-dependentdrifts. The
normalizedresultsarethen pastedinto an Excel spreadsheetwhere backgroundsare
subtractedto producethe final data. The entire processis repeatedby a second
analystandthe results(which are usually consistentwithin 1%. on modernsamples)
arecomparedeforeany datais releasedin favorablecaseghe total analysistime can
bewell underanhour,sothatin manycasesresultsareavailablejust oneto two days
afterthe samplesarerun.

4. Staff training

A fourth majorcomponentieadingto high throughputhasbeenpersonnelkraining to
ensurethat most laboratory functions can be carried out by at least two, and
preferablyseveral staff membersWe currently haveten people(including students)
who canpreparesamplesgightwho cananalyzedata,andsix who canchangesample
wheelsand tune and operatethe spectrometerThis duplication hasallowedus to
keep up with the high sample throughput while maintaining quality control
proceduresuchasindependenanalysef all databy two researchersimilarly, two
memberof the researclgroup have sufficient expertiseto independentlysupervise
completeion sourcerebuildsand repairsfor all but the most severespectrometer
breakdowns.

5. Conclusions

We have shown that a small commercially available AMS system can produce
thousands of high precision Yc analyses per year. Other than ion source
improvements,relatively few hardwarechangesare required. However, extensive
sampleprepar#éon facilities plus arelativelylargegroup of well trainedpersonnelare
essentiafor usingsuchaninstrumentefficiently.
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