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Abstract

A new interference mechanism, analogous to "classic" double-slit electron _attering, has

been identified ianlow energy ion-atom collisions. This Coulomb "path" interference results from

the existence of two trajectories, indistinguishable with respect to laboratory energy and emission

angle, along which ejected autoiortizing electrons may be scat%eredby the at'tractive Coulomb po-

tential of the slowly receding spectator ion. We present a simple semi-classical model for this ef-

fect in which we aex.otmt for the path dependence of the amplitude of the ejocted electron following

decay of the autoioniziag state. Calculated model lmcshapes are found to be in excellent agreement

with the strong angular dependence of the interference structure observed in the He target 2sI IS

autoionizing lineshape measmexl near 0° following 10 keV He + + He collisions.

In low energy ion-atom collisions, post-collision interaction (PCI) of ejected autoionization

electrons with the atwactive Coulomb field of the slowly receding spectator ion leads to _:)ectral li-

neshapes which are broadened and shifted towards lower electron energies. In the classical de-

scripdon, as first proposed by Barker and Berry.[ I], the spectral intensity as a function of labora-

tory electron energy is given by

IBB (E) = _ .exp t:_" AE2 (1)
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where X,_= qI'r/v, is a n_.asure of the strength of PCI on a given state with decay width Fn = ll_r_,

and q is the charge of the ion moving with a velocity v. The parameter AF.= cn- E = q/R is the

gain in potential energy of the electron ejected when the autoiortizing state, with a resonance energy

t n, decay.,; at an internuclea.r separation R. Equation (I) represents a asynm_tricaily broadened li-

neshape with a peak intensity at an energy EpF.AK = Pm- Sn/2. In this model the velocity of the

ejected electrons un -- "_(atomic units) is assumed to be much gr.eatel"than that of the receding

ion, un ,, v, and thus the ejected electrons follow straight line trajectories as they emerge from a

rime independent Coulomb field. However, for those electrons with vekx.--itiesof the order of the

ion velocity, un = v, and that are emitted when tahecollision partners are still comparatively close

together, this approximation is no longer valid. The ion's field, in this case, causes significant de.

fl_don of the electron's classical trajectory. Such Coulomb scattering results in an emission angle

dependent perturbation of the lab-frame electron energy shift, which has been given by.van der

Straten et al.[2] as ,fiE= q/R + v.Aua, where Au = u, -"o is the total change in the electron's

velocity vector due to the Coulomb deflection. As more recently pointed out[3], such deflections

effectively compress the solid angle into which these electrons are emitted, resulting in a strotig en-

hancement or "focusing" of intensity in the direction of the receding ion. This effect was shown to

be important in low energy He+ + He collisions and a classical time-dependent model, which was

presented, accurately described the emission angle,, lifetime, and collision energy dependences of

the observed enhancement.

The influence of the spectator ion's Coulomb field on the electron's classical trajectory is

illustrated in Figure 1 for low energy He+ + He collisions. Autoionizing states (Tie*+) formed in

the collision decay exponentially with a lifetime % emitting an electron with a velocity un at a time t

when the collision partners are separated by a distance R(t) = vt + _5.The "unknown" quantity _ is

the separation at t = 0 at which the autoionizing state is populated. The key new observation is

that, for a local/zed source of autoionizing electrons and an attractive potendal, there are different

paths, (corresponding to slightly different emission times) by which the electrons may emerge

from the collision with a given laboratory energy E = 21-'v2and emission angle 0. Two such trajec-



tories (denoted A and B) arc illustrated in Figure I. Here Lh ,,o and O, 0 are the electron velocity

andemissionangleafterbeforeandafterscaacring,rcspccfivcly.SincepathsA andB represent

twoindistinguishablepathstothesamefmaJelectronicstate,intcrfcrcnccmay occur.This

Coulomb"path"interferencemechardsmissccntorcprcscntanion-atomcollisionanalogueto

"classic"double-slitclccu'onscatteringwherethescatteringcenternow servestodefineascontinu-

otissetoftrajectories,havingafixedemissionangle0,whicharcdistributedalongtheclccu'oncn-

crg),axisbyatime-depetugentCoulombficld.A simil_intcrfcrcnccphenomenonhasbccnprevi-

ouslyobservedintheformof"Rainbowghosts"innear-sidefar-sidenuclearscatteringbySatcklcr

ctal.J4]

Inthispaper,wc presentcvidcnccforthisCoulombpathhltcrfcrcnccrxz_hanisminthc

formofananomalousintcrfcrcnccsn'ucua'cintheCoulomb-focusedPCI-broadencdlincshapcof

thetarget2s2ISautoionizingstateproducedin10keV He+ + He collisions.Thisfeatureisob-

servedtochangeincharacterdramaticallyoveraverynarrowrangeofemissionanglesnear0°,

Thisunusuallyrapidangularvariationisexplainedscmi-classicallybymakingasimpleextension

ofthe"overlappingresonances"(OR)modelofMorgenstcmctal.[5]inorde_toincludethenew

Coulombpathinterferencemechanism.UsingtheWKB approximationforscatteringinacentral
)

field[6],we accoumforthepathdependenceoftheamplitudeoftheejectedelectronfollowingthe

decayoftheautoionizingstate.'lhcresultofouranalysisisaninterferencelineshapewhichrepro-

ductsrh©observedstructureintheexperimental2s2 iSlineshap¢asweU asitsrapidvariationwith

emissionangle.

Measurementswc_ made attheOak RidgeNationalLaboratoryECR ion-sourcefacility

using a high resolution electron spectrometer and target chamber temporarily transported from

Hahn-Meitner Institut, Beriim Details of the experimental technique have been described previ-

ously[3,7]. Figure 2a shows the He target autoionization spectra, acquired in non-coincidence or

"singles" mode, in the region of 30-35 eV, measured at 0 °, 5°, and 10° relative to the incident

beam direction for 10 keV Hc + . He collisions. The spectra shown are normalized to a constant

maximum intensity at each angle to remove the strong enhancement due to Coulomb focusing[3]



w_ch is observed near 0°. The three autoionizing states which are predominantly populated in

these 1o_ energy collisions (see figure) are the 2s2 IS, 2p2 lD, and 2s2p lp states. Note the

pronounced shoulder irt the 2s_ tS li.neshape which becotr_es equal ill intensity to the main part of

the peak at 5°, and has essenti,'d.ly disapl:',eared in the 10'_spectrum. This uncharac'teristic',dly rapid

angular va.ri_ion in die IS lineshape occurs in precisely rbe same angular range as that where the

effects of Coulomb focusing are found to be importaztt[3]. This similarity leads to the conclusion

that, just as the intensity erthancement, the observed anomalous 1S line.shape may have as its origin

the post.collision Coulomb deflection of the ejected autoionizing electrons.

Analysis of the measured lineshapes was performed using, as a starting point, the overlap-

ping resonances model (OR) of Morgenstern et al.[5]. The OR model was first introduced in order

to explain the complicated interference stn._cturesobserved in quasi-molecular electron emission iJ_

1400 eV He + + He collisions observed at 180°. Because of the induced PCI broadening, the

spectral lmeshapes of the 2s2 IS, 2p2 lD, and 2s2p lp states overlap. As a result of the indistin.

guishability of the detected electrons in the region of overlap, the composite lineshape is calculated

,,.. as a coherent sum of amplitudes for emission from each of the three autoiortiz_g resonances. Our

semi.classical extension of this treatment derives from the observation that the OR model takes into

account the phase evolution of the autoionizing state only from the time of its crossing into the

continuum to the time of illsdecay. The emined electron is then as_;umedto "instantaneously" re-

cede to irff'mity and thus produces no additional accumulation of phase. However, for He target

autoionizing electrons produced in low energy He+ + He collisions, where the electron velocity is

comparable t," that of the projectile ion (un/v ,- 5) and where the path through the ion's field de-

pends strongly upon the ejection angle and the internuclear separation R(t) at the time of emission,

this approximation is no longer valid. A correct description of the near-forward autoiortizing spec-

trum must _ore include the scattering of the emitu:_delectron by the spectator ion.

In the semi-classical approximation we write the angle dependent spectral intensity at a

given electron energy as
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I(E,0) t _s _Wn('0,q_)'C(_,_,E,0),exp { -i[ct(en,v,E) + 13(p,l)] } 2

= (2)
n

where _ is the sum over the n autoionizing states (IS, lD, and lp) which contribute to th¢:ob-
h

se,r'vedintensity at E and 0. Coulomb scattering by the receding iorl cntcrs equation (1) through;

(a) the modification of the modulus of the amplitudes C(¢_,,Kn,F.,0) due to Coulomb focusing-, Co)

inclusion of the semiclassical scattering phases _(p,/); and (c) the coherent sum over the different

paths (A and B). The factor Wn(O,h0)= _am_0).o)m _(O,q)).e×p[-ixm9-(0)], is the angle depen-
mo

dent autoionization transition amplitude for a given state which consists of contributions from dif-
m

ferent magnetic sublevels m _, where am9-(0)and %n9-(0)m'e the initial level populations andn

phases; and where (O,q_)is the angular coordinate of the outgoing electron prior to Coulomb scat-

tering. Since the angular dependence of Wn(OA0)produces only a weak effect on the calculated li-

neshape for the post-scattered emission angle range 0 ° -<0 -<lO°, and the phase c_(_?.n,v,E)given

by the OR model is essentially angle independent, any significant angular variation of the calculated

linshapes (apart from the intensity enhancement due to Coulomb focusing) will be solely due to the

path dependent interference resulting from inclusion of the scattering phase 15(p,/).

The modulus of the amplitude C(%,hn,E,0) is derived from the square-root of the doubly-

differential cross section given in reference 1 and is given by

C(en,Z.n,E,0)- II_.11.-_ 1 - en sin20' "_0cos0'J " (3)

which consists of the Barker-Berry lineshape given in equation (1) modified by a Coulomb

focusing function. The prime f) indicates those quantities evaluated in the ion frame. By making

the kinematic transformations E,0_E',0' and %,O_e',_' to the the reference frame of the pro-

jectile ion, we have simplified the inherently time-dependent problem to one of electron scattering

in a time-indepcndent Coulomb field. The scattering function OcosO'/_osff is then derived from

the solution to the equation for the classical trajectory in a central field[8] which relates the emis-

sion angles in the projectile frame O',0' before and after scattering, respectively.



In the projectile frame, the phase angle ct(en,v,E) given by the OR mcxiel[5] is written as

fAE')]c_(en,v,E) = vR 1 (AE').8 +ct log_-q_ (4)

where AE' = ¢' - E' ---q/_ is the ion-frame electron energy shift. We note that for un ,, v, or i.n

the Limitas v-,0, the energy shift AE'---_AE.Also, the resulting interference smacmres arising

from the phase differences resulting from equation (2) axe frame independent.

We derive the path dependent scattering phase from a classi&a_laction integral in the central

field WKB approximation[6], giving the result

- +/.cos" ! (5)
[3(p,r,l)- In 2r 1 . Po 2 :+ /2po2

which, when evaluated at the appropriate limits of the classical trajectory, yields the scattering

phase [_(p,/). The term Pr = _1 )2 -/2/r2 , is the radial component of the electron's linear momen-

tum p, given by p ---N/po:z+ 2q/r, Po is its linear momentum at r = 0% and i, its angular momen-
t

mm. For convenience we have left off the primes on the various momenta and radial coordinate r
.0

since they are ali ion-frame quantities.

Fig'are 3 shows the results of the evaluation of the OR phase ¢x(ea,v,.E) and the scattering

phase _p,/) over the range of electron energies corresponding to the 2s2 IS lineshap¢ for an emis-

sion angle 0 = 5°. The slight difference in the results for the OR phases a^ and a B (for paths A

and B) are the result of the different emission angles (OAand OB)and thus ion-frame electron en-

ergies for the near and far side mattered electrons. The scattering phase for the near side path _A"*

0 as the electron energy approaches the resonance energy E _ _ - 33.28 eV for the tS state, since

the scattering angle O = 0- O _ 0 when the internuclear separation at the time of emission R(t)

o, and therefore the Coulomb field q/R(t) _ 0. For the far side path, the scattering phase 13BCE

en) ---, ,,¢,due to the fact that the emission angle 9B(E _ Q) _ 0° fbr far side scattering into an),

angle 0 > 0 °, which results in scattered electron passing through the origin at r = 0. This contrast-
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ing behavior in the scattering phase for the near-side and far-side paths is the _urce of the i;_id

angular variation in the interference structure observed in the 2s2 tS line.shape near the for,,, 'd di-

rection.

,_, andFigure 2b shows the result of our calculations using equation (2) evaltuated at 0.l% ro

10°, convoluted with a Gaussian specxrometer resolution function wiflt a FWHM -- 0.3 el!_i,,and

' Jl!litl

normalized to a constant maximum intensity at each ar_gle. Calculations are done at 0.I ° d_} to the

singulari_ which exists in the Coulomb focusing differcnti',.dcross section at 0°[3}. For silrtf_plicity

we assun_ each state consists of only a single maglaetic sublevel which decays isotropica fly(i.e.

Wn(O,q)) ---an(0).exp[-izn(0)]/q'_n) as would be the case for an S state. We then have f ttr pa-

rameters, consisting of the initial ISand lD level population_ (als(0), and aiD(0)) and ph/ ,_earl-

gles (XtS(0), and XRD(0)) relative to the lp amplitude (atp(0) = 1, _tp(0) = 0), with whid: we fit

J

the experimental spectnun at 0°. Holding these values fixed, we then simply vary the etnission

angle to obtain the calculated Iineshapes at 5° and 10°. The solid curves in Figure 2b are the re-

suits of this fit (ats(0) = 0.3, aln(0) - 0.4, Xls(0) = 0.7, and X_n(0) = 1.0) which include

Coulomb path interference. We f'mdthat this model reproduces remarkably well the observed an-

gular dependence of the interference structure in the IS state. The dashed curves are the.,sesame

calculations, where we have now excluded the "far-side" or path B amplitude, thus SUl_/pressingthe
/

path interference mechanism. At 0.10 this calculation is essentially identical to the sol],dcurve

since all pairs of interfering paths are nearly equivalent for emission angles v&y near 0°, which re-

suits in completely constructive interference. Although the path dependent phase is included in this

"near-side only" calculation, the angular variation in the lineshape is negligible over t)I_isrange of

emission angles. Clearly, only by including both "near-side" and "far.side" paths in _e calculation
/

do we reproduce the rapid angular dependence of the interference stru_are observed/in the data.

For comparison we show the lineshape obtained from the OR model alone which we obtain by

suppressing both the path dependence of the amplitude 8a_dCoulomb focusing in equation 1. This

result is shown in Figure 2b at 0°, as the dot-dashed curve,



Finally, we calculate the Coulomb interference lbleshape ft'a"the case of an isolated res,o-

name, keeping only the term in equation (1) corresponding to the 2s2 1S state. The result is

shown in Figure 4 for a range of emission angles near 0 °, Here we have normalized the lh_eshapes

at each angle to the max.imum intensit-y in the i.ncohcrent lmeshape to again retrKwethe strong

Coulomb focusing enhancement found near 0° and to show the change from constructive interfer-

ence near 0°, where ali interfering paths are equivalent, to destructive interference which severely

distorts the lineshape from its monotonic incoherent fca'ni at larger enfi_sion angles. Here, we also

obtain an angular dependent lineshape similar to that which is observed when we include the con-

tributions f:mm the lp and lD states above. We note that there is qualitative agreement with the

calculated line.shapes of Barrachina and Macek[9] obtained using a CDW appa'Jximation to the f'ma]

state in the autoioaizmg matrix.

In summary we have provided strong evidence tbr the new Coulomb path interf_ence

wlfich manifests itself in low energy ion atom collisions where post-collision deflection and focus-

ing of ejected autoioaizing electrons is found to be important. A semi-classical model was found to

successfully describe the phenomenon where indistinguishable classical trajectories, along which

autoionirlag electrons are scattered by the attractive Coulomb potential around opposite sides of the
J

slowly receding spectator ion, interfere to produce a strongly angular dependent structure in the

coherent speca'al lineshapes. We emphasize that this path interference will also manifest itself in a

single isolated autoionizi.ng state in the absence of any contr/budons from adjacent overlapping res-

onaaces. Observatioil of such isolated resonance lineshapes would provide a clear test of Coulomb

path interference as well as post-coLlision interaction effects in these collisions.
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FIGURES

Figure 1. Effect of the spectator ion's Coulomb field on the classical trajectories of ejected target

autoionizing electrons following low energy He+ . He collisions.

Figure 2. a) He target autoionizing spectra obtained fol.lowing 10 kev He + + He collisions, b)

Calctdated lineshapes using the equation (1); (solid) ilacluding CoUlomb interference;

(dashed) where scattering around only the "near.side" of the ion is considered; (dot-

dashed) Calculated lineshape at 0° using "overlapping resonances" model[3] alone. (See

text).

Figure 3. Calculated phasesa(_,v,E) and 13(p,/)for the 2s2 IS state evaluated at O = 5° for near-

side and far-side scattered trajectories (paths A and B).

Figure 4. Calculated lineshapes for the isolated 2s2 1S resonance at O.1o, 2 o, 4 o, 6o, 8o, and I0 °

using the extended overlapping resonances model including Coulomb interference.
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