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We arereportingon an experimentleadingfrom aninitial optically pumpedp to a final

p state,in which all relevantamplitudesand phasesanbe determinedIn particular the

chageexchangeeactionHT+Na(3pL; ) —H(2p)+Nat wasstudiedataprojectileenegy

of 2 keV. Thisis thefirst guantunmechanicall}completesxperimentwith anon-isotropic
initial stateleadingto a non-isotropidinal state.

PACSnumbers:34.70+E;34.50Fa; 34.50Pi; 34.50Rk UDC 539.186539.188
Keywords: polarisedNa + protons chage exchangestate-resoled, completesxperiment

1. Introduction

Optically pumpedstate-preparedtomshave beenusedextensvely in atomiccollision
physics,andawide variety of processebave beenstudied.Suchsystemsanbe adjusted
with greatflexibility to the specialrequirementf investigatedohenomenakFor exam-
ple, laserpreparedcollision partnerscancarry initial alignmentandorientationandthus
illuminatetherole of “shape”and“rotation” of theinitial atomicstate.

Mainly dueto its easyhandling,aswell asto the availability of therequiredlaserra-
diation, collision studiesemploying a Na target are at presentat the centreof attention.
In particulay chage exchangein Ht +Na collision reactionaroundl keV [1-13] is serv-
ing as a testcasein which a rathercompleteunderstandings reachedon the basisof
large-scalaesb initio computercalculations Severalaspect®f its collision dynamicshave
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beenstudied: total [1-6] and angle-diferential cross-section§7—9] , alignmenteffects
[8,10,11],the so-called'left-right asymmetry”[8,12,13]which is relatedto collisionally
accumulategphaseof the involved electronstates,and other “propensities”[14]. This

systemalsobeingof sometechnicalinterestprovidesa corvenientmodelfor the studyof

electrondynamicsgn ion-atominteractionssimilarly to otherfew-electronsystemg15], it

mayevenprovideagroundfor the mostsevere(“quantum-mechanicallgpomplete”)testof

our understandingf the collision. For suchanexperiment preparatiorof theinitial state
(e.g.,Na(3p,.) aswell asidentificationof thefinal channele.g.,H(2p,)) is essentiasince
knowledgeaboutall statesis required.Our aim is to performa “complete” experiment
involving theanisotropic3p initial state.The processinderinvestigations:

H* + Na(3s,3p) — H(2p) + Na™. (1)

While for thecoherents-p excitation” casg16], the processs completelycharacter
ized by threeparametersthe “p-p” caseis considerablymorecomplex. Threeinitial and
threefinal magneticsubstategenerallydemandine complex amplitudegFig. 1). Sym-
metryconsiderationseducethe 17 realquantitiego nine: five amplitudesandfour phases
arerequired(includingthe phasebetweertheinitial m = 1 andm = 0 states]17].
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Fig. 1. Schematiaepresentatiowf the variousexcitation pathvaysfor pg,+1 — Po,+1
reactionsDashedinesindicateamplitudesvhich areredundantiueto thereflectionsym-
metry.

At leastnine independenmeasuremerdreneededor a quantummechanicallycom-
pletedescriptionof the p-p chageexchangegprocessA properchoiceof the experimental
geometryi.e., highsymmetryaswell asapureinitial state simplify theanalysisandmake
the completedeterminatiorpossible A preferableconditionis, e.g.,pumpingwith circu-
larly polarizedlight which propagatesollinearly with the ion beam.In this casea pure
m = 1 (or m = —1) stateis preparedn the photonframe,whichis in this caseidentical
to the collision frame. Otherlaserpumpinggeometriegpreparean incoherentpumping
with linearly polarizedlight) or coheren{pumpingwith circularly polarizedlight) super
positionof substatesDueto theNahyperfineinteractionno geometryallowsto preparea
purem = 0 state.

2. Experimentamethod

The experimentalset-upis shovn in Fig. 2. A protonbeamfrom a duoplasmatron
ion sourceis acceleratedo an enegy of 2 keV. After collimation to betterthan(.03°
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in a differentially pumpeddrift tube, the ion beamis injected into the target cham-
ber The backgroundpressureis 1 x 10~7 mbar The target chamberis free of elec-
tric fieldsto avoid quenchingof collision-produced(2s), andthe earth‘'smagneticfield
is compensatedby Helmholtz coils to valuessmallerthan5 uT. About 25 mm before
the interactionregion, the ion beamis cleanedfrom neutralswith 3 pairs of deflector
plates.A beamfrom a singlemodeAr ion/dyelasercombination(Coherenttunedto the
Na(3s}S, /2 (F = 2) »Na(3p}P, J2(F = 3) transition(589nm) counterpropagatés the
ion beam.In theinteractionregion, theion andthe laserbeamarecrossedat right angles
by a Na-atombeam.The sodiumbeamis producedn a two-stageovenwhich reduceghe
dimercontentto lessthan1%. After skimming,the beamis collimatedto a divergenceof
lessthan0.2°. The Na-atomdensityin the collision areais 10° to 10'°cm2 ; it is kept
constanby controllingthe oventemperatureLyman-« radiation(121.6nm) emittedfrom

laser
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Fig. 2. Experimentaket-up(schematic).

capture-produceti(2p) is detectedn a solarblind photomultiplier It hasa MgFs win-
dow, providing a sensitvity region betweerapproximatelyl15and200nm; the specified
guantumefficiengy for Lyman« radiationis about15%. The photomultiplieris placedat
approximatelythe “magic angle” (¥, = 54.7° relative to theion beamaxis), in the plane
definedby theatomicandtheion beam;it views a lengthof ion beamaroundtheinterac-
tion region of abouté mm, therebysubtendinga solid angleof approximately0.3 st. The
Lyman« photonsaremeasuredh coincidencavith neutralizedprojectileswhich arescat-
teredthroughdefinedanglesinto a position-sensitie detector This detectorconsistsof 2
micro-channeplatesin a chevron setup andadivided-anoderraywhichis composef
16 individual electrodegovering4 azimuthalanglesp, (0, 7 /2, m, 37 /2) for eachof four
centre-of-masscatteringanglesy,. Thearrangemerdllowsto simultaneoushandcontin-
uouslymonitorthe properalignmentof the primarybeam By choosingdifferentdistances
(2.0, 2.6 and 3.6 m, respectiely) betweenthe collision region andthe particle detectoy
scatteringanglesbetweer(.05° and0.4° canbe covered.Therelative efficiengy for par
ticle detectionin eachindividual anodesegmentis determinedn a separatexperiment.
To this end, the protonbeamis scatteredn a denseN, targetinsteadof the Na tamget;
this givesa ratherhomogeneouscatteringprofile within theangularangeof interest.The
efficiency determinations repeatedfterevery few runs.
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Pulsesfrom the 16 anodesare processedeparately;particularcare hasbeentaken
to eliminatecross-talk.The pulsessene as stopinput for 16 time-to-digital corverters;
the photomultipliergivesthe necessargtartsignal. The time resolution(about15 ns)is
limited by the finite lengthof ion beamviewed by the photondetector Dataprocessing
is performedby a personatomputemvhich alsocontrolsthe experiment.The Na-bearris
mechanicallychoppedandthe signalsdetectedn synchronisationvith the chopper Data
are taken underalternatingNa beam-onand beam-of aswell aslaseron and laseroff
conditions.All thedataaretakenundersingle-collisionconditionswith propercorrection
for backgrounctontributionsasobtainedfrom Na beam-orandbeam-of measurements.
In the caseof “laseron”, bothspeciessodiumin the3S, ;, andthe3P;, statearepresent.
We areassuminghat the pumpingmechanisnpreparesa statisticalmixture, ratherthan
a coherentsuperpositiorof atomsin the groundand excited states.Fractionsof target
atomsin the excited statecanbe determinedhroughthe momentuntransfermperabsorbed
photon,k/ A, whichresultsin arecoil of thesodiumatoms,asdescribedn Ref.5. A small
fractionof thelaserbeamis usedfor frequeng stabilisation.

3. Dataevaluationandresults

The experiments basedon the coincidentdetectionof scatteredH atomsandemitted
Lyman« radiation. Detectionof photonand of scatteredH atomis direction-sensitie
accordingto polar (¢, ¥,) andazimuthal(g.,, ¢s) angles;the coincidencerequirement
identifiesthescatteringplaneandthe photondirectionfor eachinteractionevent.A typical
time spectrumobtainedfrom onedetectorsegmentis shavn in Fig. 3. The peakat about
4.2 us containsscatteringeventsof 2 keV H projectilestheoneatabout5.8 usis caused
by 2 keV HJ projectiles,also containedin the ion beam. The time spectrumallows to
separatéhe contritutionsfrom bothcomponents.

The coincidencerequiremenstronglydiscriminatesagainstcapturefrom background
gas. The numberof true coincidencess obtainedin the usualway by subtractingthe
randomcoincidenceg$rom thetotal coincidencesvithin a giventime window aroundthe
“true” peak.Thecoincidentight-emissionintensityfor the generakaseof a p-p scattered
particle-photorcases givenby [17]:

K
I= Y ¢BkGk Y (2-0g0)d(¥,)eg (2)
K=0,2 Q=0

X Y Re[<T(Lo)k,q, X too > A(KQ, KoQo)el9(#r=¢:)+Qoee]]
KoQo

K 1
+ 3 Bk gux 3 (2-0qo)d(d,)5) Y (1Q,1Q - Q'|KQ)

K=0,2 Q=0 Q=-1
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% Z Re[< T(LO)J’I;OQO % tl,Q—Q’ > A(KQI,KOQO)ei[Q‘P7+(QO_Q’)‘Ps]]
KoQo

d(¥,) kg aretheelementsf therotationmatrix which transformthe photondetec-
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Fig. 3. A typicalLymane/scatteredH particlescoincidenceime spectrunatthescattering
angleof 0.069° in the centre-of-massystem.

tor (locatedat 4., ¢,,) into the framein which the final statemultipolesaredefined,and
G?(,‘fo% aregeneralizegerturbatiorcoeficientsgivenby theexpression

L2 = (K'Q'koaolKQ) Y (27 + 1) (3)
J
K O K K k K
xv/(2K'+1)(2kg + 1)(2K +1){ L % J L % J
L I L I g

= (K'Q'koqo| KQ)gr koK -
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(|) denoteClebsch-Gordaroeficientsand {——} standardd;-symbols. The quantities
A(KQ, KyQo) describehe scatteringdynamicsthey aredefinedas

AKQ,KoQo) = Y (~1)le-Motl=M (4)

MM
’
Mo M,

X(LM',L — M|KQ)(LoMy, Lo — Mo|KoQo) f (M’ My) f (M Mo)*,

andf (M M,) arethecorresponding@mplitudedor scatteringrom aninitial M, to afinal
M state,after separatiorof the spindependencdt is assumedhatthe total spinis con-
senedduringthe collision so that the spin componenbf the active electronimmediately
afterthecollisionis thesameasthatin theinitial state andthe hyperfineinteractionin the
final stateis negligible.

Thegoalof the”completeexperiment”is thedeterminatiorof all amplitudesf (M M)
andthe correspondinghasescontainedn A(KQ, Ky Qo). We pointout thatin contrast
to the caseof anisotropicinitial state[15], the presencef the polarizedspin causeghe
expressiorfor the angulardistribution of emittedradiationto containall statemultipoles
of rank 0,1 and 2. To obtainthe sign of the phaseit is thereforesuficient to performa
correlationmeasuremeng polarization(Stokesparameteranalysisof thefinal stateis not
necessary

The compleity of the relation (2) suggestshe useof geometrieof high symmetry
and,if possiblea pureinitial state.Our experimentalgeometryallows preparatiorof pure
m = 1 (orm = —1) initial statesandthe photondetectoiis placedat the “magic angle”
¥, = 54.7°(i.e., 3cos*¥, — 1 = 0). In this caserelation(2) simplifiesto [18]:

3[f(=11)* + £(01)* + £(11)*]
F2Re[£(01) £(11)*] cos(ipy) + 2Im[£(01) £(117)] sin(g,) (5)
+2Re[f(—11) f(11)*] cos(2¢s) + 2Im[f(—11) f(11)*] sin(2¢).

1(9)

Q

Thus,sevenindependenteasurementarerequiredfor a completedeterminatiorof the
chage exchangeprocessnvolving the 3p, m = +1 state.As mentionedabove, our po-
sition sensitve particle detectorconsistsof 16 (¢, @) independensegments placedat
four azimuthalangles0, 90, 180, and 270 degreesfor eachof the four scatteringangles
3. We wereperformingl6 independenteasuremenis onerun; someazimuthalangles
areredundantFromthe measuredntensities we extractthe requiredquantitiesfor every
scatteringangleby useof thefollowing relations:

S 11—2[I(0°)+I(90°)+I(180°)+I(27O°)] =0
Relfon fi] ~ 7 11(0°)~ I(180°)] ©)
Imlfon fi1] ~ §[00°)  1(270%)]
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[1(0°) + I(180°) — I(90°) — I(270°)].
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Fig. 4. The3p,m = 1 — 2p chage exchangereaction: a) scatteringangle-dependent
differential cross-sectionp) Realandimaginarypart of the phasef (01) f*(11) c) Real
partof thephasef (—11) f*(11).

Thefinite acceptanceangesof the variousanglesinvolved have beenincludedin the
following way: (i) The effect of thefinite photondetectoracceptancangle(54.7° + 9°)
is small and hasbeenngylected; (ii) the effect of the finite azimuthalacceptancdap-
proximately£15°) hasbeentaken into accountby an approximateintegrationover the
correspondingangein Eq. (5). Although the Lyman« coincidencerequiremenselects
populationof the H(2p) final state,this doesnot entirely exclude cascaderansitionsinto
this level. However, dueto thefinite lengthof the particlebeamviewed by the photonde-
tector, only short-lvedhighern statescancontributeto the coincidencesignal;therefore,
they have beenngglected.

In Fig. 4awe show the scattering-angle-dependeastbss-sections for electroncap-
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turefrom excitedNa(3p+, ) stateinto H(2p)final state.Sofar, no theoreticalcalculations
areavailablefor comparisonFigures4b andc shav therealandtheimaginarypartof the
phasef (01) f*(11) andtherealpartof thephasef (—11) f*(11). By useof the definition
of thequantunmechanicaphasethe sin andcospartof the phasecanbe calculatedrom
themeasurediata.We foundthatthe phaseanglebetweerthe phasesy; andfi; is close
to zeroat the measuredcatteringangles Sincethe scatteringprocesss stronglyforward
pealed, the detectorgplacedat larger scatteringanglesdetectedvery weak signal. Evi-
dentlyfuture measurementshouldpreferrablybe performedat somaevhatsmallerimpact
enegies,in orderto obtainappreciablecontribution at the larger scatteringangles.Mea-
surementsvith a projectileenegy of 1 keV arein progress.

4. Summary

A collision leadingfrom aninitial p to afinal p stateis, in general characterizedy
ninerealamplitudesandphasesAs an example,collinearlaserpumpingof Na(3s)with
circularly polarizedNaD light producesa spin-polarizecoureNa(3pm = +1) state;the
“theory of the experiment”shaws that the relevantamplitudesand phasexan be deter
mined by meansof a simple angularcorrelation(photon-scatteregarticle coincidence)
experimentinsteadof a StokesparametemeasuremeniVe have performedthe first ex-
perimentwhich will allow a completedeterminationof all amplitudesand phasesand
presenpreliminaryexperimentaresultsfor the procesNa(3p )+Ht — H(2p)+Na" at 2
keV.
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“CJELOVITO” p-pMIJERENJE

NaCinili smo mjerenje procesau kojem poCetno opticki pumpanostanje p prelazi u
kon&no stanjep uz odredvanije svih relevantnihamplitudai faza. Posebiceproutavala
sereakcijaizmjenenabojaH™+Na(3py;) —H(2p)+Na' pri enegiji protonaod 2 keV.
Ovo mjerenjepredstalja prvi kvantno-mehariiki cjelovit eksperimenti kojem semijerio
prijelazneizotropnogocetnogstanjau neizotropndkonanostanje.
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