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We arereportingon an experimentleadingfrom an initial optically pumpedp to a final
p state,in which all relevantamplitudesandphasescanbedetermined.In particular, the
chargeexchangereactionH

���
Na(3p��� ��� H(2p)

�
Na
�

wasstudiedataprojectileenergy
of 2 keV. This is thefirst quantummechanicallycompleteexperimentwith anon-isotropic
initial stateleadingto a non-isotropicfinal state.

PACSnumbers:34.70+E;34.50Fa;34.50Pi; 34.50Rk UDC 539.186,539.188

Keywords:polarisedNa+ protons,chargeexchange,state-resolved,completeexperiment

1. Introduction

Opticallypumped,state-preparedatomshavebeenusedextensively in atomiccollision
physics,anda wide varietyof processeshave beenstudied.Suchsystemscanbeadjusted
with greatflexibility to the specialrequirementsof investigatedphenomena.For exam-
ple, laser-preparedcollision partnerscancarry initial alignmentandorientationandthus
illuminatetheroleof “shape”and“rotation” of theinitial atomicstate.

Mainly dueto its easyhandling,aswell asto theavailability of therequiredlaserra-
diation, collision studiesemploying a Na target areat presentat the centreof attention.
In particular, chargeexchangein H

�
+Na collision reactionaround1 keV [1–13] is serv-

ing as a test casein which a rathercompleteunderstandingis reachedon the basisof
large-scale� 	�
 � 
  
 � computercalculations.Severalaspectsof its collisiondynamicshave
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beenstudied: total [1–6] andangle-differentialcross-sections[7–9] , alignmenteffects
[8,10,11],theso-called“left-right asymmetry”[8,12,13]which is relatedto collisionally
accumulatedphasesof the involved electronstates,andother “propensities”[14]. This
system,alsobeingof sometechnicalinterest,providesaconvenientmodelfor thestudyof
electrondynamicsin ion-atominteractions;similarly to otherfew-electronsystems[15], it
mayevenprovideagroundfor themostsevere(“quantum-mechanicallycomplete”)testof
our understandingof thecollision.For suchanexperiment,preparationof theinitial state
(e.g.,Na(3p� ) aswell asidentificationof thefinal channel(e.g.,H(2p� )) is essentialsince
knowledgeaboutall statesis required.Our aim is to performa “complete” experiment
involving theanisotropic3p initial state.Theprocessunderinvestigationis:��������� � � � � � ������� � ! ���"����� �$#

(1)

While for thecoherent“s-p excitation” case[16], theprocessis completelycharacter-
izedby threeparameters,the“p-p” caseis considerablymorecomplex. Threeinitial and
threefinal magneticsubstatesgenerallydemandninecomplex amplitudes(Fig. 1). Sym-
metryconsiderationsreducethe17realquantitiesto nine: fiveamplitudesandfour phases
arerequired(includingthephasebetweentheinitial %'&)( and%'&+* states)[17].

Fig. 1. Schematicrepresentationof the variousexcitation pathwaysfor
� , - .�/0�1� , - .�/

reactions.Dashedlinesindicateamplitudeswhichareredundantdueto thereflectionsym-
metry.

At leastnine independentmeasurementareneededfor a quantummechanicallycom-
pletedescriptionof thep-pchargeexchangeprocess.A properchoiceof theexperimental
geometry, i.e.,highsymmetryaswell asapureinitial state,simplify theanalysisandmake
thecompletedeterminationpossible.A preferableconditionis, e.g.,pumpingwith circu-
larly polarizedlight which propagatescollinearlywith the ion beam.In this casea pure%�&2( (or %�&234( ) stateis preparedin thephotonframe,which is in this caseidentical
to the collision frame. Other laserpumpinggeometriespreparean incoherent(pumping
with linearly polarizedlight) or coherent(pumpingwith circularly polarizedlight) super-
positionof substates.Dueto theNahyperfineinteraction,nogeometryallowsto preparea
pure %'&+* state.

2. Experimentalmethod
The experimentalset-upis shown in Fig. 2. A protonbeamfrom a duoplasmatron

ion sourceis acceleratedto an energy of 2 keV. After collimation to betterthan * # * � 5
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in a differentially pumpeddrift tube, the ion beamis injected into the target cham-
ber. The backgroundpressureis 60786 9 :<; mbar. The target chamberis free of elec-
tric fields to avoid quenchingof collision-producedH(2s),andtheearth‘smagneticfield
is compensatedby Helmholtz coils to valuessmaller than 5 = T. About 25 mm before
the interactionregion, the ion beamis cleanedfrom neutralswith 3 pairs of deflector
plates.A beamfrom a singlemodeAr ion/dyelasercombination(Coherent)tunedto the
Na(3s)> S? @ > A B)C+D E�F Na(3p)> P? @ > A BGCIH E transition(589nm)counterpropagatesto the
ion beam.In theinteractionregion, the ion andthelaserbeamarecrossedat right angles
by a Na-atombeam.Thesodiumbeamis producedin a two-stageovenwhich reducesthe
dimercontentto lessthan1%.After skimming,thebeamis collimatedto a divergenceof
lessthan 9 J D K . The Na-atomdensityin the collision areais 6 9 L to 6 9 ? M cm:<N ; it is kept
constantby controllingtheoventemperature.Lyman-O radiation(121.6nm)emittedfrom

Fig. 2. Experimentalset-up(schematic).

capture-producedH(2p) is detectedin a solar-blind photomultiplier. It hasa MgF> win-
dow, providing a sensitivity regionbetweenapproximately115and200nm; thespecified
quantumefficiency for Lyman-O radiationis about15%.Thephotomultiplieris placedat
approximatelythe“magic angle”( P�Q C)R S J T K relative to theion beamaxis),in theplane
definedby theatomicandtheion beam;it views a lengthof ion beamaroundtheinterac-
tion region of about6 mm, therebysubtendinga solid angleof approximately0.3sr. The
Lyman-O photonsaremeasuredin coincidencewith neutralizedprojectileswhicharescat-
teredthroughdefinedanglesinto a position-sensitive detector. This detectorconsistsof 2
micro-channelplatesin a chevronsetup anda divided-anodearraywhich is composedof
16 individualelectrodescovering4 azimuthalanglesU�V A 9 W X�Y D W X�W H X�Y D E for eachof four
centre-of-massscatteringanglesP<V . Thearrangementallowstosimultaneouslyandcontin-
uouslymonitortheproperalignmentof theprimarybeam.By choosingdifferentdistances
(2.0, 2.6 and3.6 m, respectively) betweenthe collision region andthe particledetector,
scatteringanglesbetween9 J 9 R K and 9 J S K canbecovered.Therelative efficiency for par-
ticle detectionin eachindividual anodesegmentis determinedin a separateexperiment.
To this end, the protonbeamis scatteredon a denseN > target insteadof the Na target;
thisgivesaratherhomogeneousscatteringprofilewithin theangularrangeof interest.The
efficiency determinationis repeatedafterevery few runs.
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Pulsesfrom the 16 anodesareprocessedseparately;particularcarehasbeentaken
to eliminatecross-talk.The pulsesserve asstop input for 16 time-to-digitalconverters;
the photomultipliergivesthe necessarystartsignal.The time resolution(about15 ns) is
limited by the finite lengthof ion beamviewed by the photondetector. Dataprocessing
is performedby a personalcomputerwhichalsocontrolstheexperiment.TheNa-beamis
mechanicallychoppedandthesignalsdetectedin synchronisationwith thechopper. Data
are taken underalternatingNa beam-onand beam-off as well as laser-on and laser-off
conditions.All thedataaretakenundersingle-collisionconditionswith propercorrection
for backgroundcontributionsasobtainedfrom Na beam-onandbeam-off measurements.
In thecaseof “laser-on”, bothspecies,sodiumin the3SZ [ \ andthe3P] [ \ statearepresent.
We areassumingthat thepumpingmechanismpreparesa statisticalmixture, ratherthan
a coherentsuperpositionof atomsin the groundand excited states.Fractionsof target
atomsin theexcitedstatecanbedeterminedthroughthemomentumtransferperabsorbed
photon,̂<_ ` , whichresultsin a recoilof thesodiumatoms,asdescribedin Ref.5. A small
fractionof thelaserbeamis usedfor frequency stabilisation.

3. Dataevaluationandresults

Theexperimentis basedon thecoincidentdetectionof scatteredH atomsandemitted
Lyman-a radiation. Detectionof photonand of scatteredH atom is direction-sensitive
accordingto polar b c<d�e c<f g andazimuthal b h"d�e h�f g angles;the coincidencerequirement
identifiesthescatteringplaneandthephotondirectionfor eachinteractionevent.A typical
time spectrumobtainedfrom onedetectorsegmentis shown in Fig. 3. Thepeakat about
4.2 i scontainsscatteringeventsof 2 keV H j projectiles;theoneatabout5.8 i s is caused
by 2 keV H j\ projectiles,alsocontainedin the ion beam.The time spectrumallows to
separatethecontributionsfrom bothcomponents.

Thecoincidencerequirementstronglydiscriminatesagainstcapturefrom background
gas. The numberof true coincidencesis obtainedin the usualway by subtractingthe
randomcoincidencesfrom thetotal coincidenceswithin a giventime window aroundthe
“true” peak.Thecoincidentlight-emissionintensityfor thegeneralcaseof ap-pscattered
particle-photoncaseis givenby [17]:

kmlonprq�s t \
uv w x pIyz p pn{ q<s b |4}�~ { s g ��b c�d g ps { b | g

� np�� { ���4� � ��� b � s g jp�� { � ��� s s �I� b ����e � s � s g � � � {�� � � �<� � � j { � � � � � � ��
� nprq�s t \

uv w � x p+  ¡ Z Z p pn{ q<s b |4}�~ { s g � b c<d g � p �s { Zn{"¢ q � Z b £ � ¤ e £ �8}�� ¤ ¥ ��� g
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¦¨§©�ª «"ª ¬4 ® ¯�° ± ²�³ ´ µ©�ª «"ª ¦�¶ · ¸ «�¹<«"º�»I¼ ± ½�¾ ¿ À ½�³ ¾4³ ´  Á Â «"Ã Ä µ"Å «"ª ¹<« º Æ Ã Ç È É Ê ËÌ�Í
Î ± Ï�Ð ´ ©r« aretheelementsof therotationmatrixwhich transformthephotondetec-

Fig.3.A typicalLyman-Ñ /scatteredH particlescoincidencetimespectrumatthescattering
angleof Ò Í Ò Ó Ô Õ in thecentre-of-masssystem.

tor (locatedat Ï<Ð�À Ö"Ð ) into the framein which thefinal statemultipolesaredefined,and× « º Ø ª «© º Ù ª © aregeneralizedperturbationcoefficientsgivenby theexpression
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ñ ò ó
denoteClebsch-Gordancoefficientsand ô õ4õ4ö standard9÷ -symbols.The quantitiesø ñ ù�ú�û ù�ü ú4ü

) describethescatteringdynamics;they aredefinedasø ñ ù�ú�û ù�ü ú4ü ó$ýîþÿ$ÿ��ÿ�� ÿ ��
ñ õ � ó � � ���	� 
 � ��� ñ � ó

� ñ ���� û  õ � ò ù�ú ó ñ �ü ���ü û �ü õ ��ü ò ù�ü ú4ü ó ��ñ ��� ���ü ó ��ñ ����ü ó � û
and
��ñ ����ü ó

arethecorrespondingamplitudesfor scatteringfrom aninitial
��ü

to afinal�
state,afterseparationof thespindependence.It is assumedthat the total spin is con-

servedduringthecollision sothat thespincomponentof theactive electronimmediately
after thecollision is thesameasthatin theinitial state,andthehyperfineinteractionin the
final stateis negligible.

Thegoalof the”completeexperiment”is thedeterminationof all amplitudes
��ñ ����ü ó

andthecorrespondingphases,containedin
ø ñ ù�ú�û ùmü ú4ü ó

. We point out that in contrast
to thecaseof an isotropicinitial state[15], thepresenceof thepolarizedspincausesthe
expressionfor theangulardistribution of emittedradiationto containall statemultipoles
of rank 0,1 and2. To obtainthe sign of the phase,it is thereforesufficient to performa
correlationmeasurement;apolarization(Stokesparameter)analysisof thefinal stateis not
necessary.

The complexity of the relation(2) suggeststhe useof geometriesof high symmetry
and,if possible,apureinitial state.Ourexperimentalgeometryallowspreparationof pure� ý �

(or � ý õ � ) initial states,andthephotondetectoris placedat the“magic angle”��� ý�� ��� � � ñ � � � � û � �  ! " ��� õ � ý$# ó . In thiscaserelation(2) simplifiesto [18]:

% ñ � ó'&(� ) ��ñ õ � � ó "+* ��ñ # � ó "�* ��ñ � � ó " ,*	- . � ) ��ñ # � ó ��ñ � � ó � , / 0 1 ñ 243 ó *5- % � ) ��ñ # � ó ��ñ � � � ó , 1 6 7 ñ 243 ó (5)*	- . � ) ��ñ õ � � ó ��ñ � � ó � , / 0 1 ñ - 243 ó *5- % � ) ��ñ õ � � ó ��ñ � � ó � , 1 6 7 ñ - 243 ó �
Thus,seven independentmeasurementsarerequiredfor a completedeterminationof the
chargeexchangeprocessinvolving the

� 8"û � ý:9 �
state.As mentionedabove, our po-

sition sensitive particledetectorconsistsof
� ; ñ � 3 û 243 ó

independentsegments,placedat
four azimuthalangles0, 90, 180,and270 degreesfor eachof the four scatteringangles� 3

. Wewereperforming16 independentmeasurementsin onerun;someazimuthalangles
areredundant.Fromthemeasuredintensities,we extract therequiredquantitiesfor every
scatteringangleby useof thefollowing relations:þ ò ��� ò " & �

� - ) % ñ # � ó * % ñ < # � ó * % ñ � = # � ó * % ñ - � # � ó ,�>�?
. ��) � ü @+� �@ @ , & �

� ) % ñ # � ó õ % ñ � = # � ó , (6)

% � ) � ü @+���@ @ , & �
� ) % ñ < # � ó õ % ñ - � # � ó ,
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ACB�D E F�G G+E�HG G IKJMLN D O�P Q R S�T5O P L U Q R S4VWO P X Q R S4VWO P Y Z Q R S I [

Fig. 4. The \ ]�^ _a` Lcb Y ] charge exchangereaction: a) scatteringangle-dependent
differentialcross-section;b) Realand imaginarypart of the phase

E4P Q L S E H P L L S c) Real
partof thephase

E4P V L L S E H P L L S .
Thefinite acceptancerangesof thevariousanglesinvolvedhave beenincludedin the

following way: (i) Theeffect of thefinite photondetectoracceptanceangle
P d N [ Z Rfe X R S

is small and hasbeenneglected; (ii) the effect of the finite azimuthalacceptance(ap-
proximately

e L d R ) hasbeentaken into accountby an approximateintegrationover the
correspondingrangein Eq. (5). Although the Lyman-g coincidencerequirementselects
populationof theH(2p) final state,this doesnot entirelyexcludecascadetransitionsinto
this level. However, dueto thefinite lengthof theparticlebeamviewedby thephotonde-
tector, only short-livedhigher h statescancontributeto thecoincidencesignal;therefore,
they havebeenneglected.

In Fig. 4awe show the scattering-angle-dependentcross-sectionsi for electroncap-
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turefrom excitedNaj k l�m4n o stateinto H(2p) final state.Sofar, no theoreticalcalculations
areavailablefor comparison.Figures4bandc show therealandtheimaginarypartof the
phasep4j q r o p�s j r r o andtherealpartof thephasep4j tCr r o p�s j r r o . By useof thedefinition
of thequantummechanicalphase,thesinandcospartof thephasecanbecalculatedfrom
themeasureddata.We foundthatthephaseanglebetweenthephasesp u n and p n n is close
to zeroat themeasuredscatteringangles.Sincethescatteringprocessis stronglyforward
peaked, the detectorsplacedat larger scatteringanglesdetectedvery weaksignal. Evi-
dentlyfuturemeasurementsshouldpreferrablybeperformedat somewhatsmallerimpact
energies,in orderto obtainappreciablecontribution at the largerscatteringangles.Mea-
surementswith aprojectileenergy of 1 keV arein progress.

4. Summary

A collision leadingfrom an initial p to a final p stateis, in general,characterizedby
ninerealamplitudesandphases.As anexample,collinearlaserpumpingof Na(3s)with
circularly polarizedNaD light producesa spin-polarizedpureNa(3p,vxwzy{r o state;the
“theory of the experiment”shows that the relevant amplitudesandphasescanbe deter-
minedby meansof a simpleangularcorrelation(photon-scatteredparticlecoincidence)
experimentinsteadof a Stokesparametermeasurement.We have performedthefirst ex-
perimentwhich will allow a completedeterminationof all amplitudesand phases,and
presentpreliminaryexperimentalresultsfor theprocessNa(3pn )+H |5} H(2p)+Na| at 2
keV.
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18) Z. Roller-Lutz, S.Knezović, Y. WangandK. Blum, Z. Phys.D 37 (1996)115.

“CJELOVITO” p-pMJERENJE

Načinili smo mjerenjeprocesau kojem početno optički pumpanostanje p prelazi u
konǎcno stanjep uz odred–ivanjesvih relevantnihamplitudai faza.Posebice,proǔcavala
sereakcijaizmjenenabojaH ~�� Na(3p�4� ��� H(2p)� Na~ pri energiji protonaod 2 keV.
Ovo mjerenjepredstavlja prvi kvantno-mehanički cjelovit eksperimentu kojemsemjerio
prijelazneizotropnogpočetnogstanjau neizotropnokonǎcnostanje.
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