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Threshold vibrational exitation of CO2 by slow eletronsWim Vanroose, Zhiyong Zhang, C. W. MCurdy, and T. N. ResignoComputing Sienes, Lawrene Berkeley National Laboratory, One Cylotron Road, Berkeley, CA 94720(Dated: November 26, 2003)Threshold strutures, reminisent of those seen in the polar hydrogen halides, have reently beenobserved in the ross setions for eletron impat exitation of ertain vibrational levels of the non-polar CO2 moleule. These strutures our at energies outside the range where shape resonanesdominate the dynamis. We propose a virtual state model that desribes the multi-dimensionalnulear dynamis during the ollision and explains quantitatively the seletivity observed in theexitation of the Fermi dyad, as well as the pattern of threshold peaks and osillations seen in theupper levels of the higher polyads.PACS numbers: 34.80.GsFor ertain moleules, the ross setions for eletronsexiting vibrations at very low energies an deviatemarkedly from the behavior predited by simple thresh-old laws, displaying pronouned strutures within a fewtenths of an eletron volt (eV) of threshold. Rohr andLinder [1℄ �rst observed suh strutures some twenty-�veyears ago in the hydrogen halides (HF, HCl and HBr) andinitiated a period of intense experimental and theoreti-al ativity that has ontinued to the present [2, 3℄. Ofthe various fators that ome into play in these systems,an essential omponent seems to be the fat that, forvery low-energy ollisions, the target provides the ele-tron with a potential well that is on the verge of bind-ing an extra eletron. Small displaements of the nu-lei away from equilibrium an ause the omposite ele-tron+target system to shift from being a bound state toan unbound \virtual state" [4℄, leading to strong ouplingbetween eletroni and nulear motion. Muh of the workin this area has been foused on the hydrogen halides -systems with only one nulear degree of freedom. Re-ent experiments by Allan [5, 6℄ have revealed interestingpolyatomi e�ets in the threshold vibrational exitationross setions for non-polar targets like CO2 and CS2.The prinipal features of e-CO2 sattering have beenknown for deades. Peuliarities in the threshold vi-brational exitation ross setions were �rst observed in1985 [7℄; the suggestion of a virtual state being responsi-ble for the low-energy enhanement of the ross setionsame even earlier [8℄. In these early studies, the target vi-brational levels were desribed in terms of unoupled nor-mal modes. But an aidental degeneray between onequantum of symmetri streth and two quanta of bendinvalidates this simple piture sine it leads to a strongmixing of the zeroth order levels (or so-alled polyads)known as \Fermi resonane" [9℄. With a deisive im-provement in energy resolution, Allan has been able tomeasure exitation ross setions for individual ompo-nents of the polyads in CO2; he makes the striking obser-vation that there is not only struture, but also seletiv-ity in these exitation ross setions. For the Fermi dyad,Allan's [5℄ measurements reveal that one omponent dis-

plays a pronouned threshold peak while the other levelhas a vanishingly small ross setion at low energy. Allanalso observed a pattern of threshold peaks and osillatorystruture in the upper levels of the higher polyads. Bothobservations have yet to be explained. Our purpose hereis to desribe a theoretial model that provides a quan-titatively aurate desription of this data.The prinipal assumption of our treatment is that, forvery small eletron energies, the exitation ross setionsare entirely determined by the Born-Oppenheimer po-tential surfae of the moleular anion and its analytiontinuation to geometries where it is unbound. For ge-ometries where the anion is eletronially bound relativeto the neutral, we an use eletroni struture methods toompute the relevant energy surfaes. We have restritedour investigation to C2v geometries where both CO bonddistanes are equal and the O-C-O angle is allowed tovary, i.e. we ignore asymmetri streth motion.Neutral CO2 is linear at equilibrium (with a CO bonddistane of 2.2 bohr) while CO�2 is orrespondingly un-bound at the same geometry. If we streth the CO bonds,keeping the atoms ollinear, the anion beomes boundfor CO distanes greater than �2.55 bohr [10℄, orrelat-ing with the CO + O� dissoiation limit. It is easy tosee that there must be two quasi-degenerate anion statesat these strethed, linear geometries. O� has the on-�guration 2P and CO is a losed-shell. There are thustwo anion states, of 2� and 2� symmetry, orrespond-ing to on�gurations where the O� p-shell vaany isaligned either perpendiular or parallel to the CO axis,respetively. As the CO bonds are ompressed, thesestates move apart and eventually beome unbound: the2� state moves up into the ontinuum relative to CO2and beomes the 3.8 eV shape resonane, while the 2�state beomes a virtual state.It is now established that the 2�u CO�2 shape reso-nane, near 3.8eV, is not involved in the threshold re-gions. It is too high in energy and, as reently shownby MCurdy et al [11℄, only the features in ross setionsabove 1.5 eV an auratly be predited through multi-dimensional \boomerang" dynamis on the 2A1 and 2B1



2omponents of the 2�u shape resonane that are oupledthrough Renner-Teller e�ets. But below those energies,the boomerang model does not aurately desribe theexitation ross setions. It is the virtual state, de�nedby analyti ontinuation of the bound CO�2 2� state, thatdetermines the threshold nulear exitation dynamis.If we bend the CO2 moleule, it aquires a dipole mo-ment whih inreases its eletron aÆnity. In her 1998study, Morgan [12℄ showed how the virtual state of CO�2evolved into a 2A1 bound anion as the moleule was bent,with the CO bond distanes �xed. As the OCO anglehanges from 180o to 145o, the virtual state, whih startson the negative imaginary axis of the omplex momentum(K) plane, moves o� the axis and approahes the originon a urved trajetory that has a kink at K=0, wherethe anion beomes bound. More reently, Sommerfeld[13℄ reported another ut through the CO�2 surfae inC2v symmetry, along a vetor onneting the minimumon the anion surfae (at a CO distane of 2.3 bohr and O-C-O angle of 138o) with the equilibrium geometry of theneutral. He found that the CO�2 urve exhibits a barrierbetween 150o and 155o just before it rosses the neutralurve. Sommerfeld did not attempt to haraterize theanion urve after it rossed the neutral urve.We need a strategy to onstrut a omplete 2A1 an-ion surfae in C2v geometry. So alulations were ar-ried out on the neutral moleule using the oupled-lustermethod to determine the ground state potential surfaeand the dipole moment funtion for a range of CO bonddistanes and O-C-O angles in C2v geometry. We thenarried out oupled-luster alulations for the 2A1 an-ion surfae at orresponding geometries where it is ele-tronially bound. From these alulations, we an har-aterize the \seam", as a funtion of O-C-O angle (�)
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FIG. 1: Cuts through the potential surfaes of CO2 and CO�2where the O-C-O angle �, in degrees, is varied and the C-O bond distane is �xed at 2.2 bohr. In the rossing re-gion, around �0, the di�erene between the urves follows athreshold law predited by the dipole moment of CO2. Thislaw allows us to analytially ontinue the CO�2 potential intoon�gurations where it is unbound, denoted by dashed urves,and onstrut a omplete surfae for the CO�2 virtual state.

and CO bond distane (R), where the neutral and an-ion surfaes interset. We denote the values of R and� along the seam as (Ro;�o). To analytially ontinuethe anion surfae beyond this seam, we begin by writingVion(R;�) = Vneutral(R;�) + 12K2(R;�). We an thinkof K(R;�) as the (omplex) momentum of the eletronin the negative ion. Where the ion is bound, K is apositive imaginary number. It moves into the lower half-plane when the anion is unbound. The topology of theomplex surfae, K(R;�), near K = 0 is determinedby the behavior of the eletron-moleule interation atlarge distanes, i.e. by the dipole moment of the neutral,whih depends on R and �. Where the dipole vanishes,quadrapole and polarization interations ould slightlymodify the behavior of K, but this would only e�et theomplex portion of the anion surfae at linear geometry.The binding properties of a �xed dipole potential arewell known and have been studied by a number of au-thors. We follow the treatment of L�evy-Leblond [14℄.The Shr�odinger equation for an eletron in a dipole �eldis separable in polar oordinates. For small dipole mo-ments, whih is the ase we have here, only the low-est (nodeless) angular mode gives rise to an attrativeentrifugal potential. The e�etive angular momentum,l, of the eletron in this mode is a negative real num-ber between � 12 and zero whih depends on the valueof the dipole moment, D. The relationship between land D was given by L�evy-Leblond as a power series,l(l+1) = 2D(R;�)2=3+ : : :. To determineK, we need toexamine the Jost funtion, Fl(K), for this dipole problemand determine the values ofK for whih the Jost funtionvanishes. This problem is disussed by Newton [4℄.Along the seam (Ro;�o), K is zero. Following Newton,we expand the Jost funtion around K=0 as Fl(K) =a0+a2K2+ : : :+ ib1K2l+1+ : : :. The a and b oeÆients,whih depend on nulear geometry, are also expandedabout (Ro;�o). Keeping only terms through �rst order,we an haraterize K in the viinity of the rossing asK(R;�) = i(�(R �R0) + �(���0))1=(2l(R ;�)+1) (1)where � and � are onstants. l(R;�) is related toD(R;�), by L�evy-Leblond's power series. The only un-knowns are the onstants � and � and these are hosenso to give a smooth onnetion between the inner andouter portions of the anion surfae. We have thus usedthe analyti properties of the dipole potential to on-net the omplex part of the anion surfae to the realpart that was determined ab initio. Figure 1 shows aut through our alulated neutral and anion surfaesat a �xed CO bond distane. Sine the moleule isslightly bent in the rossing region, and therefore hasa weak dipole moment, the exponent in Eq. (1) is non-integer and the CO�2 surfae beomes omplex as soon as(� ��0) swithes sign. These independently omputedpotential surfaes are onsistent with both Morgan's [12℄and Sommerfeld's [13℄ alulations.



3Having onstruted an anion potential surfae, we needa dynamial equation to desribe the nulear motionand to evaluate the vibrational exitation ross setions.The zero-range potential model of Gauyaq and Herzen-berg [15℄ is our starting point for developing a nulearwave equation. The basi assumption of the model isthat, at very low energies, the wave funtion that de-sribes the sattered eletron is independent of energyinside some radius ro. Inside this radius, the poten-tial is strong and the eletron follows the nulei adia-batially. The logarithmi derivative of the wave fun-tion , f(R;�) = � (r ;R;�)�r = (r ;R;�), at r =ro is in-trodued to avoid alulations in the inner region. Thefat that there is a zero in the Jost funtion lose tothe origin means that the wave funtion inside ro an beequated with a purely outgoing wave (Siegert state) ofthe form  (r ;R;�) � exp (iK(R;�)r � l(R;�)�=2).[15℄It follows that f(R;�) = iK(R;�).Asymptotially, where the sattered eletron is outsidethe moleule, we an express its wave funtion, using S-matrix boundary onditions, as: (r ;R;�) =r!1 h�l (kor)�0(R;�)+Xn Anh+l (knr)�n(R;�)(2)where the �n(R;�)'s, with energies En, are the vibra-tional states of neutral CO2 and h+(�) is an outgo-ing(inoming) Hankel funtion. The hannel momenta,kn must satisfy kn =p2(E �En) to ensure energy on-servation. For energetially open hannels, the An arerelated to vibrational exitation ross setions by�0n = �k20 knk0 jAnj2; if E > En (3)The next step is to equate the log-derivative of  , eval-uated using Eq. (2 at ro, with iK(R;�). The mathingondition an be onverted to a system of linear equa-tions by using an expansion in target vibrational statesand integrating over their internal oordinates. If one fur-ther assumes that ro an be hosen large enough so thatthe Hankel funtions an be replaed by their asymp-toti forms, then it is easily shown that the mathingequations beome independent of ro.[16℄ Gauyaq andHerzenberg [15℄ used this line of reasoning some timeago, treating K as an empirial parameter adjusted itto �t experiment, to model the threshold vibrationalstrutures seen in e�+HCl sattering. Their proedurean diverge at ertain ollision energies unless ontin-uum target states are inluded in the expansion and, inany ase, is not pratial for polyatomi moleules. Themathing ondition, as we have reently shown [17℄, anbe reorganized into an equivalent di�erential equation.Moreover, our analyti ontinuation proedure for on-struting the omplete anion surfae obviates the need fortreating K(R;�) empirially. The key to the derivation,whih is detailed in ref. [17℄, is to begin with the math-ing ondition and to use the operator identity kn�n =
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FIG. 2: Exitation ross setions for the Fermi polyads inCO2. Solid lines: theory; dashed lines: experiment (ref. [5,6℄). Top panel: dyad; bottom panel: triad, tetrad and pentad.p2(E �Hneutral)�n. There we show that by de�ningPnAnei(kn+k0)r0�n = �K +p2(E �Hneutral)�	, onean derive the equation:�2(E �Hion) + hp2(E �Hneutral);K(R;�)i�	 =(K(R;�) + k0)�0: (4)Sine the variation of K with geometry is signi�ant,espeially in the viinity of the rossing seam betweenneutral moleule and anion, the ommutator in Eq. (4)is non-negligible and arries signi�ant non-loal e�ets.We solved Eq. (4) in normal oordinates using a two-dimensional disrete variable representation (DVR) ofthe nulear wave equation, as outlined in ref. [11℄. Theoperator p2(E �Hneutral) was represented in terms ofthe matrix eigenvalues and eigenvetors of Hneutral inthe �nite DVR basis [17℄. The exitation amplitudes Anare obtained as An = h�njK + knj	i and the ross se-tions are evaluated using Eq. (3). We show the resultingvibrational exitation ross setions in Figure 2.The seletivity seen in the exitation ross setions forthe two omponents of the dyad is the result of two ef-fets. First, there is the omplex part of the 2A1 surfaethat fores 	 to deay in regions where the magnitude of



4the imaginary part of the energy is large. As we see inFigure 3, the omplex part of the CO�2 surfae is largefor small C-O bond lengths and slightly bent geometries.The lower member of the dyad, shown in the bottompanel of the �gure, has a signi�ant probability in thisshaded region, while the upper member, plotted in thetop panel, has a smaller overlap. This results in a largerross setion for the upper member. More important indetermining the seletivity, however, is the ommutatorin Eq. (4). As disussed earlier, that term is most im-portant in the rossing region. The upper member of thedyad omes loser to the rossing region and, therefore,has a muh bigger interation with the eletroni motion.The same e�ets ome into play in the ross setions forexitation to the higher polyads. In the triad, for exam-ple, only the upper member has signi�ant probabilitylose to the rossing seam and, onsequently, its rosssetion is greatly enhaned versus the other vibrations ofthe triad. As we inrease the eletron energy and exite
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FIG. 3: Contour plots of the wave funtions for the two om-ponents of the Fermi dyad in O-C-O angle, in degrees, andC-O bond distane, in bohr. The thik line marks the seamwhere the anion and neutral surfaes ross. The imaginarypart of the anion surfae is zero above the seam and inreasesproportionately in regions indiated by the shading. Toppanel: upper member of dyad; bottom panel: lower memberof dyad.

states higher up in the CO2 vibrational spetrum, thetemporary negative ion probes larger portions of the 2A1surfae, inluding regions where the anion state is boundrelative to the neutral. Almost all the members of thepolyads now ross the seam and the seletivity betweenthem is not as pronouned. However, nulear motion isso strongly oupled to the eletroni motion at the seam,that the dynamis near the seam is sensitive to the open-ing of new vibrational hannels. This e�et appears inthe theoretial and experimental ross setions of the topmembers of the triad, tetrad and pentad shown in Figure2. The opening of a new hannel eats a hole in the rosssetions of vibrational hannels that were already open.In summary, we have shown how a simple thresholdlaw desribes the 2A1 eletroni surfae of the virtualstate. Only two dimensional dynamis that inlude non-Born-Oppenheimer e�ets on this surfae an predit theseletivity and the osillating strutures seen in the ex-periment. Slow eletrons interat strongly with vibra-tional states that probe on�gurations where the CO2and CO�2 potential urves ross.The authors aknowledge helpful disussions with H.-D Meyer and T. Sommerfeld. This work was performedunder the auspies of the US Department of Energy bythe University of California Lawrene Berkeley NationalLaboratory and supported by the DOE OÆe of BasiEnergy Siene, Division of Chemial Sienes.[1℄ K. Rohr and F. Linder, J. Phys. B 9, 2521 (1976).[2℄ M. Cizek, J. Horaek, M. Allan, I. I. Fabrikant, andW.Domke, J. Phys. B 36, 2837 (2003).[3℄ M. Cizek, J. Horaek, A.-C. Sergenton, D. B. Popovi,M. Allan, W.Domke, T. Leinenger, and F. X. Gadea,Phys. Rev. A 63, 062710 (2001).[4℄ R. G. Newton, Sattering Theory of Partiles and Waves(Springer-Verlag, New York, 1982), 2nd ed.[5℄ M. Allan, J. Phys. B 35, L387 (2002).[6℄ M. Allan, Phys. Rev. Lett. 87, 033201 (2001).[7℄ K.-H. Kohem and et al., J. Phys. B 18, 4455 (1985).[8℄ M. A. Morrison, Phys. Rev. A 25, 1445 (1982).[9℄ G. Herzberg, Moleular Spetra and Moleular StrutureII. Infrared and Raman Spetra of Polyatomi Moleules(Van Nostrand Reinhold, 1945).[10℄ T. N. Resigno, W. A. Isaas, A. E. Orel, H.-D. Meyer,and C. W. MCurdy, Phys. Rev. A 65, 032716 (2002).[11℄ C. W. MCurdy, W. A. Isaas, H.-D. Meyer, and T. N.Resigno, Phys. Rev. A 67, 042708 (2003).[12℄ L. A. Morgan, Phys. Rev. Lett. 80, 1873 (1998).[13℄ T. Sommerfeld, J. Phys. B 36, L127 (2003).[14℄ J.-M. L�evy-Leblond, Phys. Rev. A 153, 1 (1967).[15℄ J. P. Gauyaq and A. Herzenberg, Phys. Rev. A 25, 2959(1982).[16℄ J.-P. Gauyaq, Dynamis of Negative Ions (World Sien-ti�, Singapore, 1987).[17℄ W. I. Vanroose, C. W. MCurdy, and T. N. Resigno,Phys. Rev. A 68, 052713 (2003).




