version3.3

Relativistic Electron Corr elation, Quantum Electrodynamics
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Thelifetime of the 1s? 2s? 2p 2P,_, metastabléevel of boronlike Ar'** wasdeterminedat the Heidelbeg
ElectronBeamlon Trap to be 9:573(4)(5) ms (stat)(syst). The accurag level of one per mille malesthe
measuremergensitve to quantumelectrodynamieffectslik e the anomalousnagneticnoment(EAMM) and
to relativistic electron-electrorcorrelationeffectslik e the frequeng-dependenBreit interaction. Theoretical
data,adjustedor theEAMM, clusterabouta lifetime thatis about3 shorterthanthe experimentakesult.
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Many-electronsystemsat mediumnuclearchage Z rep-
resenta challengeto theorybecausef the interplay of rela-
tivistic, correlation,and quantumelectrodynamiqQED) ef-
fects, which are all intertwined. In particular the nuclear
chage numberof argon (Z = 18) is closeto a “transition
range” whererelativistic effects [spin-orbit coupling, order
(Za)*mc?] becomelarger thanthe 1/r1,-Coulombinterac-
tion (whichis of orderZa?mc?). Here,a is the ne-structure
constantandmc? is the electronrestmassenegy. Thetran-
sition occursnearZ  26. Measurementsef decayratesare
especiallysensitve to the detailedstructureof the electronic
wave functionwhich enterghetransitionmatrix elementtyp-
ically considerabljharderto calculatethanthe enegy eigen-
value,andthusrepresenstringentbenchmarks.

Here,we presentan accuratdifetime measuremenf the
1s% 2s% 2p 2 P,_, metastabléevel of Ar'3* (M1 decay).Two
previous measurement{sl, 2], althoughquite recent,were
morethananorderof magnituddessaccuratehanour result
of 9.573(4)(5) ms(stat)(syst) Ourvalueis in agreemeniith
Ref.[3], wherethelifetime hadbeenobtainedas9.70(15) ms.
However, theaccurag of thelatterexperimentwasstill insuf-
cient for averi cation of high-precisioratomicatomicthe-
ory (relatvistic correlationandQED effects)[5].

The measurementeportedhere is sensitve to the rela-
tivistic correlationas well as the dominantQED contritu-
tion (EAMM) which shortenghe lifetime by a relative fac-
tor1 2a/n, asa straightforvard calculationbasedon the
well-known effective Dirac equatiorshavs (seee.g.,Chap.7
of [4]). Seemingly our measuremenis in excellentagree-
mentwith varioustheoreticalcalculationsreportedin the lit-
eraturg6—14], whichdonotincludethe EAMM contribution.
Surprisingly the agreementlisappears oneadjuststhe the-
oreticalcalculationby theEAMM contribution (which should
by all meansbeincludedin theoryat the currentlevel of ex-
perimentalaccurag), andvarioustheoreticalcalculationsap-
pearto clusterabouta valuefor the lifetime thatis about3 o
shorterthanour experiment.TheEAMM hadbeenignoredin

mosttheoreticalapproachegnostlikely becausehe authors
hadnot aimedfor the level of accurag that cannow be ob-

tainedexperimentally While we cannotresolhe the resulting
puzzle,we would like to emphasizehat stepstoward a clar-

i cation might involve novel theoreticalconceptdntroduced
veryrecentlyin the context of higherordereffective Hamilto-

niansfor (arbitrary)light atomicsystems.
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FIG. 1: Experimentaket-upatthe MPI-K EBIT.

The measurementeportedin this Letter was performed
at the ElectronBeamlon Trap (EBIT) of the Max-Planck-
Institut fur Kernphysik[15] (schematicallydrawvn in Fig. 1).
The EBIT wasoperatedat effective electronbeamenegiesof
700eV and715eV atthetrapcenter( rst andsecondseriesof
measurementsespectiely). This enegy wasjust sufcient
to ionize Ar'2+, but not Ar'3+, astheir respectie ionization
potentialsare 686 eV and 755 eV [16]. An additionalmea-
suremenat850eV testedtheeffectof Ar XIV depletion.The
beamcurrentwastypically setto 100mA. Thetwo drift tubes
closestio thetrap centerwereusedto con ne ionsaxially by
applyinganelectrostatigotentialof 1.5kV, whichsuppressed
axial escapeThetrapwasdumpedevery 10 sto avoid theac-
cumulationof heary contaminantons.

Thelifetime of the 1522522p 2P

monitoringits decayto 1322322p

, level wasmeasuredby
-, throughanM1 tran-
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FIG. 2: Typical time-normalizeddecay curwes for two seriesof
measurementsaken 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 [A = 441.2559(1) nm, seeRef. [17]] in the magnetic
trappingmode[18]. This wasdoneby cyclically turningthe
electronbeamoff for 200 ms or 1 s and on for 483 ms or
700 ms, by applying negative or positive high voltageto the
focuselectrodeof the electrongun. Photonsemittedby the
trappedions were collectedby an f/4 lens( = 38 mm,
f = 150 mm) locatedinside the EBIT, 150 mm away from
the centraldrift tube,andled to a cooledphotomultipliertube
(PMT) with a dark countrate of about30 countsper second
by meansof anspeciallight guide. Thelarge eld of view of
thelens,thewide acceptancangleof the light guideandthe
width (7 mm) of the centerdrift tubeslits allowedto collect
light from thetrappedonswithoutary lossof ef ciency even
astheion cloudslowly expandswhile the beamis off, avoid-
ing possiblesystematicerrorscausedoy metastabléons not
seenby the light collectionsystem. The Ar'3+ spectralline
was selectedby an interferencelter with a transmissiorof
60% at 442 nm anda 3 nm bandwidth(FWHM), ef ciently
rejectingthe cathodeglow.

In total, decaycurvesfor variousexperimentalconditions
wereobtainedfor 116 hours. Typical examplesareshowvn in
Fig. 2. In additionto the 10 msdecay(t;) of the metastable
level, abackgroundcontribution (decaytimet,  1s)is ob-
sened. Beginningca.2 msafterturningoff theelectronbeam,
the signal N (t) canbe tted to a linear combinationof two
exponentials:N (t) = aj exp( t/t1) + azexp( t/t2) + Yo,
whereaq, t1, as, andts arefreeparametersandy, isthePMT
darkcountrate.Other t functionsusingthreeor moreexpo-
nentialsfailedto yield asatistctoryrepresentatioof thedata.
The x%/DOF (degreeof freedom)aswell asthe R? obtained
by the preferredtting proceduresvereon averagel.15and
0.999,respectiely. A standardail-t analysisperformedby
truncatingthestartandendtimesin the tting shoved uctua-
tionsconsistenwith thestatisticaluncertaintie®f theindivid-
ual datapoints. As an example,for a high statistics(binned)

decaycurve takenfor atotaltime of 960 minutes( rst series)
we measured®.573(4),9.571(6),9.573(8),and9.570(10)ms,
by truncatingthe starttime to 2.1,7.1,12.1,and15.2ms, re-
spectvely.

Thedeadtime tq = 1.4(1) us of the dataacquisitionsys-
temwastakeninto accountby therelation N. = N(¢)/(1 +
N(t) ta/ta), whereN, is the numberof photonscountedby
thedataacquisitionsystemandt,, is thetotal acquisitiontime
perchannel.

The time-averagedheight of the slowly-decayingcompo-
nent,hereaftedenotedasthe backgroundevel, similarly ob-
sened in a previous experiment[19], could in principle be
causedby four physical phenomena:(i) ion-ion collisional
excitation, (ii) chage-exchangecollisions of neutralatoms
with Ar'4+ jons, (iii) cascadeepopulationand(iv) electron-
impact excitation of Ar'3* ions. By extensie systematic
measurementsat differentgaspressuresfor variouselectron
beamcurrents for very long (1 s) obsenationtime windows
anddifferenttrappingpotentialsalongwith quantitatve argu-
ments,we canrule out all but the last of thesemechanisms.
While full detailswill be presentedn a forthcomingpaper
we have in short the following facts: the overall decrease
of the backgroundevel for high injection gaspressuregsee
Fig. 2b) immediatelydiscards(i) and(ii). In addition, (i) is
ruledout becausdor excitationto occurbetweersuchhighly
chagedions, their mutual Coulombrepulsionmustbe over-
come;this would requireionic kinetic enegiesbeyondthose
of the trappedions. Procesqii) is alsoexcludedsincethe
electronbeamenegy at the centerof thetrapis still too low
to produceAr!4* ions. Reassuringlyeven asthe beamen-
ergy wasintentionallyraisedto 850eV, no effect couldbeob-
sened. Cascadeepopulation(iii) is discardedbasedon: (a)
guenchingof high-lying levels by eld ionizationand Stark
[-mixing [20] inducedby the electronbeam;and(b) therela-
tively shortaverageifetime of highly excited Rydbeg states
for the medium+ ion underinvestigation[21], which is of
order10 usandnotaone-secontdime scale.This latterargu-
mentis alsosupportedby atomicstructurecalculationsdedi-
catedto this particularion [22].

Impactexcitation by low-enegy electrons(iv) trappedby
the ion-cloud spacechage potential(SCP)canbe estimated
asfollows. ThedifferencebetweerthetotalexperimentalSCP
andthe theoreticalelectronbeamSCP( 550 V atthe elec-
tron beamradius)yields anion SCPof 45% of the electron
beamSCR i.e. +250 V. The temperaturél, of the trapped
electronscan be inferred from the ion temperaturé/;, since
they arein thermalcontactby Coulombcollisions. 7} is ob-
tainedvia therelationw = ¢ V/(kg 1), wheregq is theionic
chage,V is thetrappingpotential,andkg denotegheBoltz-
mannconstant. Typically, the averageenepy of the trapped
ionsremainsconstantelow the barrierpotentialwith w tak-
ing valuesn therange? to 10 (seeRef.[23]). Additionally, T;
wasalsodeterminedo be kg 7; = 350 eV from themeasured
Dopplerwidth of the spectralline. The density of trapped
electroncanbe extractedfrom the backgroundtountrateus-
ing calculatedMaxwellian-averagedrate coefcients [24] at
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FIG. 3: Lifetimes from decaycurves (white circles: secondseries)
taken for differentrun times (4-5 hoursper datapoint) as a func-
tion of theratio of the backgroundevel to the heightof the plateau
obsered beforeturning off the electronbeam(seeFig. 2b). Our
experimentalalueis comparedo a CIDFS prediction[9].

ks Te 75eV.ltisfoundtobearounds 107 cm 3, approx-
imately 60 timeslessthantheionic densityof 3 10° cm 3,
whichwasestimatedrom theyield of extractedionsin anin-
dependengxperiment.With theabose mentionedharameters,
simulationsapplyingthe Spitzerequation[25] shav that, al-
thoughthe trappedelectronscool down throughsynchrotron
radiationwith a time constantof 56 msin the 8 T magnetic
eld, they keeparelatively constantl 50 eV, sufcient to
excite thetransition,over morethan1 s, andthis is consistent
with themechanisn{iv).

Becauseof the presencef trappedelectronsthe determi-
nation of the lifetime hasto includethe effect of collisional
de-ecitationto the groundstateandexcitationto higherlev-
els. Neglectingary losseutof thetrap,thetime evolution of
the populationof themetastabléevel canbedescribeds[26]

Nt k/’ne
Nu (1) = N —_
w () u (0) 1/7 4 2kne
1 Nt kne
-+ 2k t —_ 1
P T+ e +1/7‘+2kzne’ @)

where Ny (0) is theinitial numberof metastabléons before
turning off the electronbeam,r is thelifetime, N is the to-
tal numberof Ar'3* ions, k is the excitation/de-e&citation
rate coefcient, andn, is the electrondensity The quantity
t1 = (1/7 + 2kne) ! is an apparentifetime, and the last
termin Eq. (1) describes constanbackgroundevel. Multi-
plying the latter with the detectionef ciency andthe atomic
transitionprobability 1 /7, andassumingV < 1 107 stored
ionsin thetrap (estimatedrom ion extraction),anupperlimit
of the quenchingrate can be obtainedby comparisorto the
maximumexperimentabackgroundate(seeFig. 2), andit is
foundto belessthan0.06%of the atomictransitionprobabil-
ity. This gure is still anoverestimatequenchingdepend®n
thenumberof trappedelectronsandions,andif it wereimpor-
tant, thenit shouldmanifestitselfin asystematidependence
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of t; ontheratio of the background-to-platealevel whichis
anormalizedmeasuref the numberof trappedelectrons As
demonstratedn Fig. 3, wheret; is plotted asa function of
this ratio, onecannotnd sucha correlation. This holdsalso
for correlationsof ¢; versusthe heightof the plateau(abso-
lute countrate)andtheheightof backgroundandt,. Reassur
ingly, wefoundthatwhentheelectrorbeamwasonly partially
turnedoff (to aresidualcurrenta few mA), we wereableto
suppresghe backgroundevel down to the PMT dark count
rate,the explanationbeingthat collisionswith beamelectron
efciently heatup andexpel low-enegy electronsout of the
trap region. The backgroundof the rst seriesof measure-
mentswastypically ca.3 timeshigherthanthatof thesecond
seriesputthemeasuredifetimesareessentiallthesame(see
white andblackcirclesin Fig. 3) [27].

Directly after turning off the electron beam, short-time
ion lossesby (a) the dump, (b) electron-ionrecombination,
(c) chage-exchangeaecombinationand(d) evaporatve cool-
ing may reducethe Ar'3+ population. None of thesepro-
cessedn uence our lifetime measurementsn the level of
the nal uncertainty exceptfor the dump-inducedoss rate
of 10 2s !, for which our measurementsre corrected.
Losseshy electron-ionrecombinatiorare discardedbecause
for T, 50 eV andanelectrondensityof 6 107 cm 3, the
Maxwellian-averagedecombinatiomateis estimatedo be of
theorderof 5 10 s !. Chage-exchangdossesareneg-
ligible becausexperimentalinvestigationsat injection pres-
suresvarying by oneorderof magnitudeyieldedno discern-
able reductionof the lifetime, in accordancewith our esti-
mates. This experimentalobsenationis in agreementvith a
Z-scalingof the chage exchangerate measurementsarried
outatthe LawrenceLivermoreEBIT with bareKr36+, which
survivesin the magnetictrappingmode[18] for at least5 s.
Evaporatve cooling wasinvestigatecdby measuring; andts
asafunctionof thetrappingpotential which wasvariedfrom
0.1upto 2.5kV. Whereaadistinctincreaseof ¢, andalsothe
backgroundheightwere obsered, no changein ¢; for trap-
ping potentialf morethan500V wasfound. To supporthis,
theaxialion escapeateoutof thetrapcanbeestimatedased
on anapproximatiorof the Fokker-Planckequation23]. For
anion temperatur®f kg 7; = 350 eV, chagenumberg = 13
andthedrift tubeat V' = 1.5 kV, we have w closeto 50, and
thereforethe axial ion lossrate canbe neglected. Changes
in the backgrounddecaytimes(¢,) arethendueto lossesof
electrongrappedby theion-cloudSCP Accordingto the dis-
cussionabove, the only remainingsystematicerror, that we
areaware of, to our experimentallifetime is the error bar of
themeasurediotal dataacquisitiondeadtime. Thisintroduces
a 0.005msuncertaintywhich wasaddedinearly to the statis-
tical error.

Our experimentakesultis 7 = 9.573(4)(5) ms(stat)(syst).

A comparisonwith previous theoreticaland experimental
resultsin showvn in Fig. 4 (theory: MCDF [6], MCBP [7], C-
S[8], CIDFS[9], SS'98[10], RQDO[11] andMCDF? [12],
experiment: Ref. [3]). A recent calculation using the
con guration-interactiorDirac-Fock-Sturmmethod(CIDFS,
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FIG. 4: Theoreticalifetimes[6—14] and(rightmost)the experimen-
tal resultof Ref. [3]. TheEAMM contritution hadbeenignoredin
all theoreticakalculationsxceptfor Refs.[7, 9].

Ref. [9]) leadsto a theoreticalvalueof 7 = 9.538 ms. The
decayrate dependson the cube of the transitionfrequengy
which hasbeenmeasuredaccuratelyin a recentexperiment
[Ref.[17], A = 441.2559(1) nm]. Thetheoreticatalculations
(except[9]) did not have this information at their disposal,
andthus,in orderto give a more completerepresentatioof
thetheoreticaldata,theoryis plottedin variousways: (1) as
published(2) correctedor the experimentalkransitionwave-
length[seealso Eq. (3.22) of Ref. [10]], and (3) excluding
and(4) including the contribution dueto the EAMM, which
leadsto adecreasef thelifetime by afactorof 1 2 a/x. Itis
dif cult to interpretthe obvious scatterof the theoreticalcal-
culationswhich appeato clusterabouta lifetime of 9.53 ms,
in a 30 disagreemenwith our experiment28].

In typicalrelativistic mary-bodycalculationdik e themulti-
con guration Dirac—Fock (MCDF) method oneusuallystarts
from fully relativistic one-particleorbitals. The electron-
electroncorrelation,aswell asrelatiistic correlationeffects
(like the frequeng-dependenpart of the Breit interaction,
whichleadsto al.5permille shift of thedecayrate)andQED
areaddedon later Very recently a completelydifferentap-
proachhasbeenproposedvherethe sequencef approxima-
tionsis reversedit is basedn effective mary-bodyHamilto-
niansandnonrelatvistic quantumelectrodynamic§NRQED,
seeRef.[29]). In thisapproachthecorrelationeffects,whose
treatmentasbeennotoriouslydif cult for boronlike systems,
aretakeninto accounto anessentiallyarbitraryaccurag right
from the startof the calculation. Typically, onecancalculate
relativistic and radiative correctionsto decayratesup to the
relative order of o (Z )2 by NRQED methods[30], easily
sufcient for arelativeaccurag of 10 4 atZ = 18.
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