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Thelifetime of the1s2 2s2 2p 2P �
3=2 metastablelevel of boronlike Ar13+ wasdeterminedat theHeidelberg

ElectronBeamIon Trap to be 9:573(4)(5) ms (stat)(syst). The accuracy level of one per mille makes the
measurementsensitive to quantumelectrodynamiceffectslike theanomalousmagneticmoment(EAMM) and
to relativistic electron-electroncorrelationeffects like the frequency-dependentBreit interaction. Theoretical
data,adjustedfor theEAMM, clusterabouta lifetime thatis about3� shorterthantheexperimentalresult.

PACSnumbers:32.70.Cs,31.30.Jv

Many-electronsystemsat mediumnuclearcharge Z rep-
resenta challengeto theorybecauseof the interplayof rela-
tivistic, correlation,andquantumelectrodynamic(QED) ef-
fects, which are all intertwined. In particular, the nuclear
charge numberof argon (Z = 18) is closeto a “transition
range” where relativistic effects [spin-orbit coupling, order
(Zα)4mc2] becomelarger than the 1/r12-Coulombinterac-
tion (which is of orderZα2mc2). Here,α is the�ne-structure
constant,andmc2 is theelectronrestmassenergy. Thetran-
sition occursnearZ � 26. Measurementsof decayratesare
especiallysensitive to thedetailedstructureof theelectronic
wavefunctionwhichentersthetransitionmatrixelement,typ-
ically considerablyharderto calculatethantheenergy eigen-
value,andthusrepresentstringentbenchmarks.

Here,we presentan accuratelifetime measurementof the
1s2 2s2 2p 2P �

3=2
metastablelevel of Ar13+ (M1 decay).Two

previous measurements[1, 2], althoughquite recent,were
morethananorderof magnitudelessaccuratethanour result
of 9.573(4)(5) ms(stat)(syst).Ourvalueis in agreementwith
Ref.[3], wherethelifetime hadbeenobtainedas9.70(15) ms.
However, theaccuracy of thelatterexperimentwasstill insuf-
�cient for a veri�cation of high-precisionatomicatomicthe-
ory (relativistic correlationandQED effects)[5].

The measurementreportedhere is sensitive to the rela-
tivistic correlationas well as the dominantQED contribu-
tion (EAMM) which shortensthe lifetime by a relative fac-
tor 1 � 2α/π, asa straightforward calculationbasedon the
well-known effectiveDiracequationshows(see,e.g.,Chap.7
of [4]). Seemingly, our measurementis in excellent agree-
mentwith varioustheoreticalcalculationsreportedin the lit-
erature[6–14], whichdonot includetheEAMM contribution.
Surprisingly, theagreementdisappearsif oneadjuststhethe-
oreticalcalculationby theEAMM contribution(whichshould
by all meansbe includedin theoryat thecurrentlevel of ex-
perimentalaccuracy), andvarioustheoreticalcalculationsap-
pearto clusterabouta valuefor the lifetime that is about3 σ
shorterthanourexperiment.TheEAMM hadbeenignoredin

mosttheoreticalapproaches,mostlikely becausetheauthors
hadnot aimedfor the level of accuracy that cannow be ob-
tainedexperimentally. While we cannotresolve theresulting
puzzle,we would like to emphasizethat stepstowarda clar-
i�cation might involve novel theoreticalconceptsintroduced
veryrecentlyin thecontext of higher-ordereffectiveHamilto-
niansfor (arbitrary)light atomicsystems.
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FIG. 1: Experimentalset-upat theMPI-K EBIT.

The measurementreportedin this Letter was performed
at the ElectronBeamIon Trap (EBIT) of the Max-Planck-
Institut für Kernphysik[15] (schematicallydrawn in Fig. 1).
TheEBIT wasoperatedateffectiveelectronbeamenergiesof
700eV and715eVatthetrapcenter(�rst andsecondseriesof
measurements,respectively). This energy wasjust suf�cient
to ionizeAr12+, but not Ar13+, astheir respective ionization
potentialsare686 eV and755 eV [16]. An additionalmea-
surementat850eV testedtheeffectof Ar XIV depletion.The
beamcurrentwastypically setto 100mA. Thetwo drift tubes
closestto thetrapcenterwereusedto con�ne ionsaxially by
applyinganelectrostaticpotentialof 1.5kV, whichsuppressed
axialescape.Thetrapwasdumpedevery10s to avoid theac-
cumulationof heavy contaminantions.

Thelifetime of the1s22s22p 2P �
3=2

level wasmeasuredby
monitoringits decayto 1s22s22p 2P �

1=2
throughanM1 tran-
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FIG. 2: Typical time-normalizeddecaycurves for two seriesof
measurementstaken at different injection gas pressures,as re-
�ected in the heightsof the plateaus:Fig. a) is for 1s beamoff
time (111.1� s/channel),and Fig. b) is for 200 ms beamoff time
(50 � s/channel).

sition [λ = 441.2559(1) nm, seeRef. [17]] in the magnetic
trappingmode[18]. This wasdoneby cyclically turning the
electronbeamoff for 200 ms or 1 s and on for 483 ms or
700 ms,by applyingnegative or positive high voltageto the
focuselectrodeof the electrongun. Photonsemittedby the
trappedions were collectedby an f/4 lens (� = 38 mm,
f = 150 mm) locatedinsidethe EBIT, 150 mm away from
thecentraldrift tube,andled to acooledphotomultipliertube
(PMT) with a dark countrateof about30 countsper second
by meansof anspeciallight guide.Thelarge�eld of view of
thelens,thewide acceptanceangleof thelight guideandthe
width (7 mm) of thecenterdrift tubeslits allowed to collect
light from thetrappedionswithoutany lossof ef�ciency even
astheion cloudslowly expandswhile thebeamis off, avoid-
ing possiblesystematicerrorscausedby metastableions not
seenby the light collectionsystem.The Ar13+ spectralline
wasselectedby an interference�lter with a transmissionof
60% at 442 nm anda 3 nm bandwidth(FWHM), ef�ciently
rejectingthecathodeglow.

In total, decaycurvesfor variousexperimentalconditions
wereobtainedfor 116hours.Typical examplesareshown in
Fig. 2. In additionto the10 ms decay(t1) of themetastable
level, a backgroundcontribution (decaytime t2 � 1 s) is ob-
served.Beginningca.2 msafterturningoff theelectronbeam,
the signalN(t) canbe �tted to a linear combinationof two
exponentials:N(t) = a1 exp(� t/t1) + a2 exp(� t/t2) + yo,
wherea1, t1, a2, andt2 arefreeparameters,andyo is thePMT
darkcountrate.Other�t functionsusingthreeor moreexpo-
nentialsfailedto yieldasatisfactoryrepresentationof thedata.
Theχ2/DOF (degreeof freedom)aswell astheR2 obtained
by thepreferred�tting procedureswereon average1.15and
0.999,respectively. A standardtail-�t analysisperformedby
truncatingthestartandendtimesin the�tting showed�uctua-
tionsconsistentwith thestatisticaluncertaintiesof theindivid-
ual datapoints. As anexample,for a high statistics(binned)

decaycurvetakenfor a total timeof 960minutes(�rst series)
we measured9.573(4),9.571(6),9.573(8),and9.570(10)ms,
by truncatingthestarttime to 2.1,7.1,12.1,and15.2ms,re-
spectively.

Thedeadtime td = 1.4(1) µs of thedataacquisitionsys-
temwastaken into accountby therelationNc = N(t)/(1 +
N(t) td/ta), whereNc is thenumberof photonscountedby
thedataacquisitionsystem,andta is thetotalacquisitiontime
perchannel.

The time-averagedheightof the slowly-decayingcompo-
nent,hereafterdenotedasthebackgroundlevel, similarly ob-
served in a previous experiment[19], could in principle be
causedby four physicalphenomena:(i) ion-ion collisional
excitation, (ii) charge-exchangecollisions of neutral atoms
with Ar14+ ions,(iii) cascaderepopulationand(iv) electron-
impact excitation of Ar13+ ions. By extensive systematic
measurementsat differentgaspressures,for variouselectron
beamcurrents,for very long (1 s) observation time windows
anddifferenttrappingpotentialsalongwith quantitativeargu-
ments,we canrule out all but the last of thesemechanisms.
While full detailswill be presentedin a forthcomingpaper,
we have in short the following facts: the overall decrease
of thebackgroundlevel for high injectiongaspressures(see
Fig. 2b) immediatelydiscards(i) and(ii). In addition,(i) is
ruledout becausefor excitationto occurbetweensuchhighly
chargedions, their mutualCoulombrepulsionmustbe over-
come;this would requireionic kinetic energiesbeyondthose
of the trappedions. Process(ii) is also excludedsincethe
electronbeamenergy at thecenterof the trap is still too low
to produceAr14+ ions. Reassuringly, even as the beamen-
ergy wasintentionallyraisedto 850eV, noeffectcouldbeob-
served. Cascaderepopulation(iii) is discardedbasedon: (a)
quenchingof high-lying levels by �eld ionizationandStark
l-mixing [20] inducedby theelectronbeam;and(b) therela-
tively shortaveragelifetime of highly excitedRydberg states
for the medium-Z ion underinvestigation[21], which is of
order10 µsandnotaone-secondtime scale.This latterargu-
mentis alsosupportedby atomicstructurecalculationsdedi-
catedto this particularion [22].

Impactexcitation by low-energy electrons(iv) trappedby
the ion-cloudspacechargepotential(SCP)canbe estimated
asfollows.ThedifferencebetweenthetotalexperimentalSCP
andthe theoreticalelectronbeamSCP(� 550 V at the elec-
tron beamradius)yields an ion SCPof 45% of the electron
beamSCP, i.e. +250 V. The temperatureTe of the trapped
electronscanbe inferredfrom the ion temperatureTi , since
they arein thermalcontactby Coulombcollisions. Ti is ob-
tainedvia therelationω = q V/(kB Ti ), whereq is the ionic
charge,V is thetrappingpotential,andkB denotestheBoltz-
mannconstant.Typically, the averageenergy of the trapped
ions remainsconstantbelow thebarrierpotentialwith ω tak-
ing valuesin therange2 to 10(seeRef.[23]). Additionally, Ti

wasalsodeterminedto bekB Ti = 350 eV from themeasured
Doppler width of the spectralline. The densityof trapped
electronscanbeextractedfrom thebackgroundcountrateus-
ing calculatedMaxwellian-averagedratecoef�cients [24] at
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FIG. 3: Lifetimes from decaycurves(white circles: secondseries)
taken for different run times (4-5 hoursper datapoint) as a func-
tion of theratio of thebackgroundlevel to theheightof theplateau
observed beforeturning off the electronbeam(seeFig. 2b). Our
experimentalvalueis comparedto a CIDFSprediction[9].

kB Te � 75 eV. It is foundto bearound5� 107 cm� 3, approx-
imately60 timeslessthantheionic densityof 3 � 109 cm� 3,
whichwasestimatedfrom theyield of extractedionsin anin-
dependentexperiment.With theabovementionedparameters,
simulationsapplyingtheSpitzerequation[25] show that,al-
thoughthe trappedelectronscool down throughsynchrotron
radiationwith a time constantof 56 ms in the 8 T magnetic
�eld, they keepa relatively constantTe � 50 eV, suf�cient to
excite thetransition,overmorethan1 s,andthis is consistent
with themechanism(iv).

Becauseof thepresenceof trappedelectrons,thedetermi-
nationof the lifetime hasto includethe effect of collisional
de-excitationto thegroundstateandexcitationto higherlev-
els.Neglectingany lossesoutof thetrap,thetimeevolutionof
thepopulationof themetastablelevel canbedescribedas[26]

NM (t) =

�
NM (0) �

Nt kne

1/τ + 2kne

�

� exp

�
�

�
1

τ
+ 2kne

�
t

�
+

Nt kne

1/τ + 2kne
, (1)

whereNM (0) is the initial numberof metastableionsbefore
turning off theelectronbeam,τ is the lifetime, Nt is the to-
tal numberof Ar13+ ions, k is the excitation/de-excitation
ratecoef�cient, andne is the electrondensity. The quantity
t1 = (1/τ + 2kne)

� 1 is an apparentlifetime, and the last
termin Eq. (1) describesa constantbackgroundlevel. Multi-
plying the latterwith thedetectionef�ciency andtheatomic
transitionprobability1/τ , andassumingN < 1� 107 stored
ionsin thetrap(estimatedfrom ion extraction),anupperlimit
of the quenchingratecanbe obtainedby comparisonto the
maximumexperimentalbackgroundrate(seeFig. 2), andit is
foundto belessthan0.06%of theatomictransitionprobabil-
ity. This �gure is still anoverestimate:quenchingdependson
thenumberof trappedelectronsandions,andif it wereimpor-
tant, thenit shouldmanifestitself in asystematicdependence

of t1 on theratio of thebackground-to-plateaulevel which is
a normalizedmeasureof thenumberof trappedelectrons.As
demonstratedin Fig. 3, wheret1 is plottedasa function of
this ratio, onecannot�nd sucha correlation.This holdsalso
for correlationsof t1 versusthe heightof the plateau(abso-
lutecountrate)andtheheightof backgroundandt2. Reassur-
ingly, wefoundthatwhentheelectronbeamwasonlypartially
turnedoff (to a residualcurrenta few mA), we wereableto
suppressthe backgroundlevel down to the PMT dark count
rate,theexplanationbeingthatcollisionswith beamelectron
ef�ciently heatup andexpel low-energy electronsout of the
trap region. The backgroundof the �rst seriesof measure-
mentswastypically ca.3 timeshigherthanthatof thesecond
series,but themeasuredlifetimesareessentiallythesame(see
whiteandblackcirclesin Fig. 3) [27].

Directly after turning off the electron beam, short-time
ion lossesby (a) the dump, (b) electron-ionrecombination,
(c) charge-exchangerecombination,and(d) evaporativecool-
ing may reducethe Ar13+ population. None of thesepro-
cessesin�uence our lifetime measurementson the level of
the �nal uncertainty, except for the dump-inducedloss rate
of 10� 2 s� 1, for which our measurementsare corrected.
Lossesby electron-ionrecombinationarediscardedbecause
for Te � 50 eV andanelectrondensityof 6 � 107 cm� 3, the
Maxwellian-averagedrecombinationrateis estimatedto beof
theorderof 5 � 10� 4 s� 1. Charge-exchangelossesareneg-
ligible becauseexperimentalinvestigationsat injection pres-
suresvaryingby oneorderof magnitudeyieldedno discern-
able reductionof the lifetime, in accordancewith our esti-
mates.This experimentalobservationis in agreementwith a
Z-scalingof the chargeexchangeratemeasurementscarried
outat theLawrenceLivermoreEBIT with bareKr36+, which
survivesin the magnetictrappingmode[18] for at least5 s.
Evaporativecoolingwasinvestigatedby measuringt1 andt2
asa functionof thetrappingpotential,whichwasvariedfrom
0.1upto 2.5kV. Whereasadistinctincreaseof t2 andalsothe
backgroundheightwereobserved, no changein t1 for trap-
pingpotentialsof morethan500V wasfound.To supportthis,
theaxial ion escaperateoutof thetrapcanbeestimatedbased
on anapproximationof theFokker-Planckequation[23]. For
anion temperatureof kB Ti = 350 eV, chargenumberq = 13
andthedrift tubeat V = 1.5 kV, we have ω closeto 50, and
thereforethe axial ion loss rate can be neglected. Changes
in the backgrounddecaytimes(t2) arethendueto lossesof
electronstrappedby theion-cloudSCP. Accordingto thedis-
cussionabove, the only remainingsystematicerror, that we
areawareof, to our experimentallifetime is the error bar of
themeasuredtotaldataacquisitiondeadtime. This introduces
a0.005msuncertaintywhichwasaddedlinearly to thestatis-
tical error.

Ourexperimentalresultis τ = 9.573(4)(5) ms(stat)(syst).
A comparisonwith previous theoreticalandexperimental

resultsin shown in Fig. 4 (theory:MCDF [6], MCBP [7], C-
S [8], CIDFS[9], SS'98[10], RQDO[11] andMCDFa [12],
experiment: Ref. [3]). A recent calculation using the
con�guration-interactionDirac-Fock-Sturmmethod(CIDFS,
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FIG. 4: Theoreticallifetimes[6–14] and(rightmost)theexperimen-
tal resultof Ref. [3]. TheEAMM contribution hadbeenignoredin
all theoreticalcalculationsexceptfor Refs.[7, 9].

Ref. [9]) leadsto a theoreticalvalueof τ = 9.538 ms. The
decayrate dependson the cubeof the transition frequency
which hasbeenmeasuredaccuratelyin a recentexperiment
[Ref. [17], λ = 441.2559(1)nm]. Thetheoreticalcalculations
(except [9]) did not have this information at their disposal,
andthus,in orderto give a morecompleterepresentationof
the theoreticaldata,theoryis plottedin variousways: (1) as
published,(2) correctedfor theexperimentaltransitionwave-
length [seealso Eq. (3.22) of Ref. [10]], and (3) excluding
and(4) including the contribution dueto the EAMM, which
leadsto adecreaseof thelifetime by afactorof 1� 2 α/π. It is
dif�cult to interprettheobviousscatterof thetheoreticalcal-
culations,whichappearto clusterabouta lifetime of 9.53 ms,
in a 3σ disagreementwith our experiment[28].

In typicalrelativisticmany-bodycalculationslikethemulti-
con�gurationDirac–Fock(MCDF) method,oneusuallystarts
from fully relativistic one-particleorbitals. The electron-
electroncorrelation,aswell asrelativistic correlationeffects
(like the frequency-dependent part of the Breit interaction,
whichleadsto a1.5permille shift of thedecayrate)andQED
areaddedon later. Very recently, a completelydifferentap-
proachhasbeenproposedwherethesequenceof approxima-
tionsis reversed:it is basedoneffectivemany-bodyHamilto-
niansandnonrelativistic quantumelectrodynamics(NRQED,
seeRef. [29]). In thisapproach,thecorrelationeffects,whose
treatmenthasbeennotoriouslydif�cult for boronlikesystems,
aretakenintoaccountto anessentiallyarbitraryaccuracy right
from thestartof thecalculation.Typically, onecancalculate
relativistic andradiative correctionsto decayratesup to the
relative order of α (Z α)2 by NRQED methods[30], easily
suf�cient for a relativeaccuracy of 10� 4 atZ = 18.
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