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Abstract

Electron impact ionization (E; = 195 eV) of the 3p-orbital in Argon is investgaed
experimentdy and theoretically. The triple-differental crosssectons (TDCS) obtainedusing a
multi-particle momentumspectrometer(reacton microscope)cover more than 80 % of the full
solid angk for the sow emitted electronup to an energy of 25 eV and a rangeof projecile
scatteringanglesfrom —5° to —15°. Inside the projectile scdtering planethe TDCS shapeis in
rather good agreemat with a hybrid distortedwave plus R-matix (DWBA-RM) calculation
Outside the sattering planerelaively strongelectron emissionis observedwhich is reproducel
by theory in magnitudebut notin shapeA systeméc study of the TDCSbehaviorand structue in

this regionindicates thatits origin liesin high-order projectile-targetinteraction

1. Introduction

Atomic and molecularionization by chargedparicle impactis one of the most
fundamental manybody reactionsin physics. Kinemdically conmplete studieson
electronimpact also called(e,2e)experentswerefeasiblealread; 40 yearsago[1, 2]
giving very detaled insight into the collision dynamts and target strudure studes
On the one hand,the structureof manybody systens canbe studied by probingthe

target’selecton momentumdensty directly via electron impeact (e, 2e) and phobon



impact(y, ey) experiments seee.g.[3-7] andreferences theren for more ddails. On

the other hand, a large numberof expermens for various target atoms have been
performedover the yearsto gaininsight on collision dynamcs, seee.g. [8, 9]. These
studiesweremosty restrictedto the so-caled coplanar geomety wherethe incoming
projectile and both outgoingelectronsmove in a comnon planeandemssion angles
of the ejectedelectron in the vicinity of the binary and recoi peaks, sine these
featureswere assumedfor a long time to contin all the relevant phydcs of the
reaction The agreemenbetweenstateof-the-art theories and experimentd datafor

this kinematcs hasbeensteadilyimproving, espedclly for simple atomic targets such
as hydrogen and helium [10-12]. Recent expermentl advance enable the
observatiam of thefull coplanarangularrange using magnetic angke changersseee.g.
[13, 14] or eventhe coverageof the full solid angke usingreadion microscopeg15,

16]. The latter techniqueenabledkinematcally complte studies of ion impact[17],

whete for thefirst time strongelectronemisson outsidethe projectile scatering plane
was discoveredas consequencef the immensephase spaceaceptance[18]. Up to

the present day theory cannot reproduce these results consstently. A likely

mechaism vividly discusedin theliteratureis high-orderprojecile—targetsaatterng,
which becomespatrticularly important for small impad paranete collisions [19].

Recently, the measurementsof doubl differenial cross sedions (DDCS) for

threebody collision dynamicsof protonimpad ionization of atorric hydrogenwere
obtainedandrevealagainthe importanceof acarrae desaiption of projedil e-target
interaction[20]. This interpretationwasalso supportedoy studieson eledron impact
ionizationwhere similar out-of-plane strucureswere observedfor helium [16, 21].

Here theores treating projectile-target interaction beyond first order and
non-perturbatve calculations[12] were able to reproducethe expermentl data at
leastfor large momentumtrander.

Interestingly, discrepanies betweenall calculations and expeiment reman for
small momentumtransfer Since high-order projectile-target scatering contributions
should be more important for high atomc numbers studes on heaw targets are
timely. However,thereis only onerecentstudyfocussingon this issuefor magnesium,
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where the crosssectionvalueson a cone aroundthe momentumtransferdirection
were rewmrded [22]. Calculations are able to reproducethe expermental data
gualitatively if the projectile-ion interacton at close distancesis taken into account
within a distortedwave model [23, 24]. In other (e, 2e) expgiments on arga, for
example in the ionization of the 2p orbital (Eo = 5.7 keV) experimentalresults
emphasizeheimportarce of high-orderelectron—€electron interacton [25].

The presentstudy dealswith singleionizaion of Ar(3p° 'S) coveringalargepartof
the full solid angk for the emitted electron.Most of the previous experinerts for
electron impactsingle ionization of argonin the 3p-shdl were performel within the
scatiering planeat variouscollision kinemdics, seee.g. [26-31] andreview articles[8,
9]. Experimens examiningout-of-plane geoméries are sarce Murray et al. [32]
performedmeasurementfor symmeric scattering geometies, where the incoming
projectile bean was movedout of the plane defined by the two outgoingelectons
which had symmetic emissionanglesandthe sameenergyHonget al. [33] examinel
the symmetryof the binaly andrecoil lobes in-plane and alsoout-of-planefor 100 eV
impactenergy.

Herewe present3D-imagesfor electronemissionafter singleionization of argon
at 195 eV impact energyand comparethesewith respective calculaions. A set of
crosssectionswas obtainedwith the projecile sattering angle varying from —-5° to
—-15°, and the ejected electron eneryy changng from 5 to 25 eV. Our study
demonstratestrongelectronemisson perpendicuér to the projectile scdtering plane.
Furthermore,signaturesin the cross secton patern are found that directly point to
high-order projecile—ion interaction Our expermens are conparedto calculations
within a hybrid first- andsecondorderBorn plus R-matrix (closecouping) approad.
Past experimental studieswithin the scdtering plane denonstated that this model
considersthe essetial physcs of electon—argon scatering and is in rather good

agreementvith theexperimentatlata[29].

2. Experiment
The experment was performed using a highly efficient reaction microsmpe which
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wasespecidly designedor electronimpad experiments.Oneof its central featuresis
the direct deiection of the fast scatteredelectron e; in coincidene with the slow
giected electrone, and the recoling ion. Therefore the sattering plane and the
momentum transferare determineddirectly withoutrelying on ther reconstructionby
meansof the recoil ion momentumas it hasto be done using standad reacton
microscopes used for ion impact ionizaion studies. Since for a given target gas
temperaturethe particles’momentumspreadincreaes with the squareroot of the
atomic masstherecoilion momentunresoluton detrioraesby afactor of more than
threein going from the light helium to the heavy argontarget. Therefore, the Cold
TargetRecoillon MomentumSpectroscop (COLTRIMS) techniquedoesnot provide
sufficientresoluton for heaw targetspecessud asargon.

Details of the experimentalsetup and procalure were describé elsevhere [34,
35]. Briefly, a well-focused(1 mm), pulsed electron beam (pulse length~ 1.5 ns
repetiton rate 180 kHz, ~10* electronépulse),producedby a standard¢hermocahode
gun, crossesinargon gasjet (1 mm diameter, 10'? atomgem?®), whichis producedn a
two-stagesupersoni@asexpansion.Using uniform electic and magnéic fields, the
fragmentsin the final state are projectel onto two position- and time-sersitive
multi-hit detectors equippedwith fag delay-line readout. From the postions of the
hits andthetimesof flight (TOF), the vectormoment of the detected pariclescanbe
calculated It shoutl be notedthat the projectile bean axis (defining the longitudinal
direction) is adjusted exactly parallel to the eledric and magneic extracion fields.
Therefore after passinghetargetgasjet it arrives at the cente of the electrondetector
where a central bore in the multi-channelplates of the forward electron detector
allows the non-deflectedelectronsto passwithoutindudng a hit. In this way, a large
part of thefull solid angleis covered,100% for the recoil ion and80% for secondary
electronsbelow E; = 25 eV. As mentionedabow, the collision kinemaics is directly
deteminedfrom the two detectedelectronsnot relying on the recoil ion momentum.
The electronmomentumresolutiondependsn how well the time andpositionof the
ionizing collision canbe determinedand, therdore, manly from the temporal pulse
width andthe focusdiameterof the projedil e bean in thetarge. For the present focus
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diameterof 1 mm and the pulsewidth of 1.5nsthe momentumresoluton of electrons
is betterthan 0.1 a.u. As resultfor the angula resoluton the following uppe limits

are obtained (full-width-at-half-maximum FWHM): A¢ = 6° for the azimuth angles

of both the fastandslow final stateelectronsand A6, = 2° andA8, = 6° for the polar
anglesof thefastandslow electronsyespetively.

The pregnt kinematicalconditionswith an impact enegy of Ep= 195 eV are
very close to thoseof Stevensoret al. [29] with Ep= 200 eV, wherethe coplanar
experimens are performed for the scatering angle of —15°. Hene consistency
checks of the cross sectionsobtainedcan be peaformed at leastfor the coplanar
geonetry recordedn their experiment.An exanple is shownin figure 1c) for 10 eV
giected electon energyand—-15° projectie sattaing angle. Since bothmeasurements
are relative, they are normalizedto ead other in the binary peak region. The
agreementn the crosssectionshapeis quite satsfactory. Thereis a slight discrepancy
only around240° where the presentresultsare slighty highe than the datafrom

Stevensoret al.

3. Theory
Thetheoretcal and computationamethal for the hybrid distortedwave plus R-matrix
(DWBA-RM) approachwasoutlinedin seveal papes before[36-40] andhencewill
not be repeatechere. The basc ideais to descibe a “fast” projecile by a distored
wave, but the initial bound state and the (slow) ejeded-eedron-residwal-ion
interaction via an R-matrix (close-couping) expansion [36]. Exchange effects
betweenthe projectile and the targetare neglected in the model, andther inclusion
would be nontrivial dueto the fundamentdl differenttreament of the two electoons
involved in the process. However, secondorder effecs in the projectile-target
interactioncanbeaccounedfor, albeitaftersomesimplifying assunptions[37].

Theprincipaladvantagef the hybrid DWBA-R-matrix approachs thefactthatit
is a general method accompaniedby a general (nonrelaivistic) computer code[38].
Hence, it does not rely on either exact (as in atomic hydrogen)or often very
specalized (as in helium) degriptions of the initial target bound state or the final
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ionic staes. Instead, multi-configuration expansions may be enployed to describe
thesestates.Furthermoregexchangédetwesnthe (slow) ejected electronandthetarget
is treatedexactly (in a numericalsen®), i.e., it is neither negleded nor simplified via
a local potental approximation.Finally, channelcoupling effects (agan for the
dlower of the two outgoingelectrons wherethey are mostimportanj are acounted
for aswell.

The specifct DWBA-RM calculationsfor the presenwork wereperformedin the
model describedby Bartschat and Vorov [39]. For the initial bound state and the
gected-electon—residuation interactionand the initial bound stat, we stated with
thetwo-stat approximatiorproposedby Burke andTaylor [40] for the corresponding
photaonization problem. Due to the different selection rules for chargeeparticle
impactionization,however,we allowedfor totd orbitd angularmomenta L = 0-6 in
the e-Ar” scatteringstate Multi-configuration expansins were empbyed for the
initial (3°3p°)'S bound stateaswell asfor the (35°3p°)?P and (3s3°)°S staesof Ar*.
Thelatter two stateswerecloselycoupledto describethee-Ar™ half-collision problem
betweenthe ejected electron and the residual ion. Finaly, the projedile-target
interactionwasdescribedy calculatingdistortedwaves for the projedil e in the static
potential of the initial target state and then using them to calculate first or

secord-ordermatrix elementsasdescriledin [37].

4. Results
Figure 1a) and b) exhibit the experimenth and theoreica fully differential cross
sections as threedimensionalpolar plots for & = —15° scatering angle of the fast
final stae electon as function of the emission direcion of a slow ejected electron
with E; = 10eV erergy. The projectileis comingin from the bottom (ko) and scattered
to the left (k1). Thesetwo vecors definethe scatteringplane indicatedby the dashel
frame in a). In these3D-plots, the relative FDCSfor a paricular direcion is givenas
thedistancefrom the origin of the plot to the point on the surfae, whichisintersected
by the ionized electrons emisson direcion. The kinemaics chosen displays
exemplarily the principal featuresof the emission patern: It is governedby the
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well-known binary andrecoil lobes.The binarylobeis oriented alongthe momentum
transferq correspondingo electronsemitted in a single binary collision with the
projectile In the oppositedirectionthe recoil lobeis found wherethe outgoing slow
electron addiionally backscattersn the ionic potental. The binary peak shows a
minimum alongthe momentumransferdirection. This is charaderistic for ionization
of a p-orbital closeto Betheridge conditions where the transferrednomentum q is
closeto the gectal electrors momentum.If the ion remans a pure specator in the
collision thenthe electroncanonly be ejectal in sud amannerif it is initially at rest
This is neverthe casefor a p-orbital havinga node at the origin in momentum space.
Since in the presentmediumto low energyregime the ion always paricipates in the
collision dynamcs the minimum is parly filled evenfor perfectBethe kinematics.
Anotherstriking featureis the relatively large crosssedion in the angubr range in
betweenthe binaryandrecoil lobes

Regardingthe general shape the agreemat with the DWB2-RM theory which
includessecondorder projectile-targetinteracton is quite satsfectory. It is known
from previousstudies[29] that,in orderto reach this accuracy,a propertreatmentof
thetargetpropertes resultingfrom its mary-elecron characer, suchasexdcangeand
chamelcoupling, is mardatory.In figure 1c) andd) cutsthrough the 3D-patems are
shown for the projectile scatteringplaneandthe perpendialar plane indicaed by the
dashed and dotted framesin figure 1a), respediely. Since the expermentl results
are relativethe datashownhereandin all following figures havebeen normalizedto
the DWB2-RM valuesat the binaly peak(secondpe& whenthereis a doublepe)
using the coplarar cut Good agreemenbetwea theory and expermentconcening
the shape of the cross section in the scatering plane is obvious. While the
secord-order calculationyields a slightly better binary-reil pe& ratio compaed to
thefirst-ordertheory, thereis anoverestinaion of the crosssedion in the vicinity of
the scatteredprojectile direction around 300-360°. Both can be attributed to
postcollision interaction(PCl) betweenthe two outgoing electrons that — althoudh
partially accountedfor in the secondorde treament — is still not includedin the
theory to sufficient accuracy.Stronger disaepances are seenin the perpendicular
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plane (figureld) betweenthe binaryandremil lobes,wherethe expeimental dataare

consigent with a doublepeak structure above (0-180° region) and bdow the

scatiering plane (180°-360°). Theory,on the othe hand, showsjustonemaximum on

eachside peakng closeto theforwarddirection. Hints on the underling mechanisms
and the origin of the discrepanciesare obtaned from the following systematic
examinationof the crosssectionbehaviourfor different projectile scatering angles

and ejectedelectronenergies.

In figure 2, 3D-crosssectiors are plottedfor an ejectal elecron enegy of E;= 15
eV (k; = 1.05a.u) andthreedifferent scatteringangles of 6, = -5°, -10° and-15°,
correspondig to the momentumtransfes q = 0.44 0.70and 1.00 a.u, respectivey.
The experimental (left column) and DWB2-RM theoréical (right colunm) 3D-plots
again showthe dominantbinary andrecoil lobes with a minimum along g stating to
apper only for the cag of large scattemg angles. While the genegal agreement
betweentheory andexperimenis good,differenesarethe slightly flattenedshapeof
the expeimental binary lobe and a significantly higher cross section between the
binary and recoil lobes in particulr at & = -5° and-10° (a, b). The crosssection
cutsin figure 3 showafairly goodagreemat, espe@lly with thesecondBorn theory,
inside the scatteing plane (left column). The flattened binary lobe in the
3D-repreenfation here correspondgo a more narow profile with the rising slope
shifted to largeranglescomparedo theory. This is agan consistenwith PCl andis
modelledbeteer by the secondorder calculaton. Interestngly, this cdculation is quite
satisfying concerningthe observedpeakheightsat large momentum transfersin the
perpendicudr plane (figure 3f). However the remaining differencein the angula
position could be caud by the repulsionbeweenthe two outgang electrons,which
should give rise to a certain suppressin of the cross section along the forward
direction and a shift of the structuresto larger anglesin the perpendicubr planeas
well. Ontheotherhand,the deviationsof thetheorgical resuls from the experimendal
data incea® with decreamg momentum transfer while the considerable
underestimatin of the cros section in the 90°/270° region in betwveen the
binaryfecoil peaks quesions a sole PCI effect. Neverthekss, the secondorder
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calculationis alwaysin betteragreementwith experiment compaed to thefirst-order
modelthuspointing againto theimportane of high-order effeds dueto projectile-ion
or projectile-ejectedelectroninteraction.Thus, the questionremans which role the
projectile-ioninteractionplaysconcerning the perpandicular planecross secion.

Importantinformaton is obtainedfrom figure 4 wherefor a fixed scdtering angle
of 6 =-10° crosssectons for a rangeof ejeced electronenegiesE,= 5, 10, 15, 20
and 25 eV are shown. One can seefrom the sattering plane dat (figure 4, left
column) going from large to small energyE, that the binay peak changesfrom a
single to a doule peak structure.As discussedabove this is dueto the Bethe ridge
condition being closelyfulfilled for E; = 10 eV (p. = 0.86 a.u.) andevenmorefor E;
=5eV (p, =0.61a.u) with g =0.69a.u.and0.67a.u.,respectively.

Again, the DWB2-RM calcuhtion agrees well with the expermental cross sectiors in the
binary lobe, exceptfor a certain shift to larger anglesthat is patticularly pronouncedor high
enegies (15 eV, 20 eV and25 eV). Theremil lobe on the otherhandis too low in all casesVery
intriguing is the behaviour of the expeiimental cross sectbn in the pependiculamplane (figure 4,
right column)where a single peakabove andbelowthe scatering planeis preentfor energes E;
= 15 eV andhighe. Theory,beingin not too badagreenentat E, = 25 eV, againundeestimates
the cross sedion at lower energiesFor E, < 10 eV, the perpendiculaplanemaximastartto split
anddevelopa pronouncedioublepeakstructureat 5 eV similar to the binary peak According to
our measuremens, the pependiculasplanestructute is closelyrelaedto the binary-peakstrucure.
This is also confirmed by figurel where both, in the expeimental 3D-image (a) and the
perpendtular-plane cut (d) a doublepe& structureis seenconsisent with the structure of the
binary peak. The angular position of the out-of-plane minimum with respet to the forward
direction is exadly the sane as for the binaly pe& minimum. These obsvations certainly
suggestthatinelastic collisionswherethe projectle subsequenyl scattes elastially with the ion
core contribute to a corsiderablefraction of the crosssedion perpendiailar to the
scatiering plane.As wasalreadyspeculatd by Schulzet al. [18], thesewould turn the
observedscatering plane with respectto the scattering plane of the knock-out
collision andthusredistributepart of the binary intensiy to other directions around
the projectile beamaxis Theory,on the otherhand,is not showing any indicaion of
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this pattern.In principle, this mechanisms indudedin the seond-order modd, since
an integraton over all possible scatterig diredions in the internmediae state is
performed.Hence,we do not havean explandion for these devigions at the current
time, otherthanthe approximationsnadein the modeltha arenot direcly relatedto

this mechamm

5. Conclusions
We have studiedelectronimpactionizationof Ar(3p° 'S) presentig experimentabnd
theoretical3D-emisdon patternsfor the slow finalstae electron.In addiion to the
binary and remil lobes, which previowsly were intenselystudied for the projectile
scatiering plane,we observea filling of the crosssecton minimumin betwea both
lobesthat is paricularly strongfor electon emission perpendtular to the projectile
scatering plane. Two new observatiors supportthe interpretation of this being the
resultof high-orderprojectile-targetinteradions, i.e., an elastic scattering processn
thetarget potential in addition to the electon knock-out collision. Firstly, the relative
magnitude of the out-of-plane crosssecton comparedto the first-order binary and
recoil peaksis larger whencomparedto the previously studiedhelium target[16, 21].
Therefore, there is increasedprojectile-ion sattering strength due to the higher
nuclear chargeandlargerelectroncloudof argon

Sewondly, the structure of the binary lobe consistingof a single peak off the
Bethe-ridge kinematicsand of two peakswith a minimumin between closeto Bethe
ridgecondiionsis directly replicatedto the structureof the perpendialar-plane cross
section. A possble sourceis collisionswith additional projectle—ion scateringwhich
canredidributeintensty from the scatterng planeinto otherdiredions.

Giventhe compkxity of the targetandthe fairly low collision enegy of 195eV,
the overall agreementof the DWB2-RM theory is reasondle. At large scdtering
angles as well as for high energis of the emitted electron, even the
perpendicudr-plare crosssectionis reproducd — exaeptfor a slight shift thatcanbe
explainedby PCI not being treatedaccuratey enoughin the model Therefoe, the
essetial physics including the high-order projedile-ion scatering is, in principle,
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takeninto accountin the theory. On the other hand,for small scatering anglesand
low ejectedelectron energies larger disaepances appear. In paricular the
doublepeakstructure in the perpendiculaplane geoméry is not reproducedoy the

calculation.
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TDCS (a.u.)

Figure 1: Fully-differentialcross section(FDCS)asfunction of thelow eneagetic
(E2 = 10eV) electronemissionangle.The projectile scatering angleis fixed to &
=-15° (g =1 a.u.).a) ExperimentaBD-crosssecton. b) DWB2-RM calculation.
c) Cut through the scatteringplane indicated by the dashedframe in a). Full
circles: presat experimentalresultsfor E; = 195 eV. Opentriangles previous
results from Stevensonet al. [29] for E; = 200 eV. Bl is the first-order
DWBA-RM cdculationandB2 is the DWB2-RM calculaion. d) Cutthroughthe
perpendicdar plane indicatedby the dotted frame in (a). Angular countng starts

from the projectie forwarddirectionclockwise.
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Figure 2. Threedimensionaktrosssectiors for E;= 15eV (k, = 1.06 a.u.)and
differentprojectile scatteringanglesé,. a) andd): 8, = -5° (q = 0.44a.u.).b) ande):
6,=-10°(q=0.7a.u.).c) andf) & =-15° (q=1a.u.).Left column:experimat.
Right colunrn: DWB2-RM theory
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Figure 3: Cuts throughthe 3D-crosssecionsof figure 2 with E; = 15eV. Left column:
FDCS in theprojectilescatteringplane.Right column: FDCSin the perpendtular
plane.a) andd): & =-5°. b) ande): £, =-10°.c) andf) 6 =-15°.
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Figure 4: FDCS for & = -10° and a range of energiesk,. Left column: projectile
scatiering plane.Right column:perpendialar plane.a) andf): E; =5 eV. b) andg): E»
=10eV. c)andh): E; = 15eV.d) andi): E; =20eV.e)and)): E; =25eV.
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Figure 2 (figure2.eps)
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