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Threshold vibrational ex
itation of CO2 by slow ele
tronsWim Vanroose, Zhiyong Zhang, C. W. M
Curdy, and T. N. Res
ignoComputing S
ien
es, Lawren
e Berkeley National Laboratory, One Cy
lotron Road, Berkeley, CA 94720(Dated: November 26, 2003)Threshold stru
tures, reminis
ent of those seen in the polar hydrogen halides, have re
ently beenobserved in the 
ross se
tions for ele
tron impa
t ex
itation of 
ertain vibrational levels of the non-polar CO2 mole
ule. These stru
tures o

ur at energies outside the range where shape resonan
esdominate the dynami
s. We propose a virtual state model that des
ribes the multi-dimensionalnu
lear dynami
s during the 
ollision and explains quantitatively the sele
tivity observed in theex
itation of the Fermi dyad, as well as the pattern of threshold peaks and os
illations seen in theupper levels of the higher polyads.PACS numbers: 34.80.GsFor 
ertain mole
ules, the 
ross se
tions for ele
tronsex
iting vibrations at very low energies 
an deviatemarkedly from the behavior predi
ted by simple thresh-old laws, displaying pronoun
ed stru
tures within a fewtenths of an ele
tron volt (eV) of threshold. Rohr andLinder [1℄ �rst observed su
h stru
tures some twenty-�veyears ago in the hydrogen halides (HF, HCl and HBr) andinitiated a period of intense experimental and theoreti-
al a
tivity that has 
ontinued to the present [2, 3℄. Ofthe various fa
tors that 
ome into play in these systems,an essential 
omponent seems to be the fa
t 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 ele
tron. Small displa
ements 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 ele
troni
 and nu
lear motion. Mu
h of the workin this area has been fo
used on the hydrogen halides -systems with only one nu
lear degree of freedom. Re-
ent experiments by Allan [5, 6℄ have revealed interestingpolyatomi
 e�e
ts in the threshold vibrational ex
itation
ross se
tions for non-polar targets like CO2 and CS2.The prin
ipal features of e-CO2 s
attering have beenknown for de
ades. Pe
uliarities in the threshold vi-brational ex
itation 
ross se
tions were �rst observed in1985 [7℄; the suggestion of a virtual state being responsi-ble for the low-energy enhan
ement of the 
ross se
tions
ame even earlier [8℄. In these early studies, the target vi-brational levels were des
ribed in terms of un
oupled nor-mal modes. But an a

idental degenera
y between onequantum of symmetri
 stret
h and two quanta of bendinvalidates this simple pi
ture sin
e it leads to a strongmixing of the zeroth order levels (or so-
alled polyads)known as \Fermi resonan
e" [9℄. With a de
isive im-provement in energy resolution, Allan has been able tomeasure ex
itation 
ross se
tions for individual 
ompo-nents of the polyads in CO2; he makes the striking obser-vation that there is not only stru
ture, but also sele
tiv-ity in these ex
itation 
ross se
tions. For the Fermi dyad,Allan's [5℄ measurements reveal that one 
omponent dis-

plays a pronoun
ed threshold peak while the other levelhas a vanishingly small 
ross se
tion at low energy. Allanalso observed a pattern of threshold peaks and os
illatorystru
ture in the upper levels of the higher polyads. Bothobservations have yet to be explained. Our purpose hereis to des
ribe a theoreti
al model that provides a quan-titatively a

urate des
ription of this data.The prin
ipal assumption of our treatment is that, forvery small ele
tron energies, the ex
itation 
ross se
tionsare entirely determined by the Born-Oppenheimer po-tential surfa
e of the mole
ular anion and its analyti

ontinuation to geometries where it is unbound. For ge-ometries where the anion is ele
troni
ally bound relativeto the neutral, we 
an use ele
troni
 stru
ture methods to
ompute the relevant energy surfa
es. We have restri
tedour investigation to C2v geometries where both CO bonddistan
es are equal and the O-C-O angle is allowed tovary, i.e. we ignore asymmetri
 stret
h motion.Neutral CO2 is linear at equilibrium (with a CO bonddistan
e of 2.2 bohr) while CO�2 is 
orrespondingly un-bound at the same geometry. If we stret
h the CO bonds,keeping the atoms 
ollinear, the anion be
omes boundfor CO distan
es greater than �2.55 bohr [10℄, 
orrelat-ing with the CO + O� disso
iation limit. It is easy tosee that there must be two quasi-degenerate anion statesat these stret
hed, 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 va
an
y isaligned either perpendi
ular or parallel to the CO axis,respe
tively. As the CO bonds are 
ompressed, thesestates move apart and eventually be
ome unbound: the2� state moves up into the 
ontinuum relative to CO2and be
omes the 3.8 eV shape resonan
e, while the 2�state be
omes a virtual state.It is now established that the 2�u CO�2 shape reso-nan
e, near 3.8eV, is not involved in the threshold re-gions. It is too high in energy and, as re
ently shownby M
Curdy et al [11℄, only the features in 
ross se
tionsabove 1.5 eV 
an a

uratly be predi
ted through multi-dimensional \boomerang" dynami
s on the 2A1 and 2B1



2
omponents of the 2�u shape resonan
e that are 
oupledthrough Renner-Teller e�e
ts. But below those energies,the boomerang model does not a

urately des
ribe theex
itation 
ross se
tions. It is the virtual state, de�nedby analyti
 
ontinuation of the bound CO�2 2� state, thatdetermines the threshold nu
lear ex
itation dynami
s.If we bend the CO2 mole
ule, it a
quires a dipole mo-ment whi
h in
reases its ele
tron aÆnity. In her 1998study, Morgan [12℄ showed how the virtual state of CO�2evolved into a 2A1 bound anion as the mole
ule was bent,with the CO bond distan
es �xed. As the OCO angle
hanges from 180o to 145o, the virtual state, whi
h startson the negative imaginary axis of the 
omplex momentum(K) plane, moves o� the axis and approa
hes the originon a 
urved traje
tory that has a kink at K=0, wherethe anion be
omes bound. More re
ently, Sommerfeld[13℄ reported another 
ut through the CO�2 surfa
e inC2v symmetry, along a ve
tor 
onne
ting the minimumon the anion surfa
e (at a CO distan
e 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 neutral
urve. Sommerfeld did not attempt to 
hara
terize theanion 
urve after it 
rossed the neutral 
urve.We need a strategy to 
onstru
t a 
omplete 2A1 an-ion surfa
e in C2v geometry. So 
alulations were 
ar-ried out on the neutral mole
ule using the 
oupled-
lustermethod to determine the ground state potential surfa
eand the dipole moment fun
tion for a range of CO bonddistan
es and O-C-O angles in C2v geometry. We then
arried out 
oupled-
luster 
al
ulations for the 2A1 an-ion surfa
e at 
orresponding geometries where it is ele
-troni
ally bound. From these 
al
ulations, we 
an 
har-a
terize the \seam", as a fun
tion of O-C-O angle (�)
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FIG. 1: Cuts through the potential surfa
es of CO2 and CO�2where the O-C-O angle �, in degrees, is varied and the C-O bond distan
e is �xed at 2.2 bohr. In the 
rossing re-gion, around �0, the di�eren
e between the 
urves follows athreshold law predi
ted by the dipole moment of CO2. Thislaw allows us to analyti
ally 
ontinue the CO�2 potential into
on�gurations where it is unbound, denoted by dashed 
urves,and 
onstru
t a 
omplete surfa
e for the CO�2 virtual state.

and CO bond distan
e (R), where the neutral and an-ion surfa
es interse
t. We denote the values of R and� along the seam as (Ro;�o). To analyti
ally 
ontinuethe anion surfa
e beyond this seam, we begin by writingVion(R;�) = Vneutral(R;�) + 12K2(R;�). We 
an thinkof K(R;�) as the (
omplex) momentum of the ele
tronin 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 the
omplex surfa
e, K(R;�), near K = 0 is determinedby the behavior of the ele
tron-mole
ule intera
tion atlarge distan
es, i.e. by the dipole moment of the neutral,whi
h depends on R and �. Where the dipole vanishes,quadrapole and polarization intera
tions 
ould slightlymodify the behavior of K, but this would only e�e
t the
omplex portion of the anion surfa
e 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 S
hr�odinger equation for an ele
tron in a dipole �eldis separable in polar 
oordinates. For small dipole mo-ments, whi
h is the 
ase we have here, only the low-est (nodeless) angular mode gives rise to an attra
tive
entrifugal potential. The e�e
tive angular momentum,l, of the ele
tron in this mode is a negative real num-ber between � 12 and zero whi
h 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 fun
tion, Fl(K), for this dipole problemand determine the values ofK for whi
h the Jost fun
tionvanishes. This problem is dis
ussed by Newton [4℄.Along the seam (Ro;�o), K is zero. Following Newton,we expand the Jost fun
tion around K=0 as Fl(K) =a0+a2K2+ : : :+ ib1K2l+1+ : : :. The a and b 
oeÆ
ients,whi
h depend on nu
lear geometry, are also expandedabout (Ro;�o). Keeping only terms through �rst order,we 
an 
hara
terize K in the vi
inity 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 
onne
tion between the inner andouter portions of the anion surfa
e. We have thus usedthe analyti
 properties of the dipole potential to 
on-ne
t the 
omplex part of the anion surfa
e to the realpart that was determined ab initio. Figure 1 shows a
ut through our 
al
ulated neutral and anion surfa
esat a �xed CO bond distan
e. Sin
e the mole
ule isslightly bent in the 
rossing region, and therefore hasa weak dipole moment, the exponent in Eq. (1) is non-integer and the CO�2 surfa
e be
omes 
omplex as soon as(� ��0) swit
hes sign. These independently 
omputedpotential surfa
es are 
onsistent with both Morgan's [12℄and Sommerfeld's [13℄ 
al
ulations.



3Having 
onstru
ted an anion potential surfa
e, we needa dynami
al equation to des
ribe the nu
lear motionand to evaluate the vibrational ex
itation 
ross se
tions.The zero-range potential model of Gauya
q and Herzen-berg [15℄ is our starting point for developing a nu
learwave equation. The basi
 assumption of the model isthat, at very low energies, the wave fun
tion that de-s
ribes the s
attered ele
tron is independent of energyinside some radius ro. Inside this radius, the poten-tial is strong and the ele
tron follows the nu
lei adia-bati
ally. The logarithmi
 derivative of the wave fun
-tion , f(R;�) = � (r ;R;�)�r = (r ;R;�), at r =ro is in-trodu
ed to avoid 
al
ulations in the inner region. Thefa
t that there is a zero in the Jost fun
tion 
lose tothe origin means that the wave fun
tion 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;�).Asymptoti
ally, where the s
attered ele
tron is outsidethe mole
ule, we 
an express its wave fun
tion, 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(in
oming) Hankel fun
tion. The 
hannel momenta,kn must satisfy kn =p2(E �En) to ensure energy 
on-servation. For energeti
ally open 
hannels, the An arerelated to vibrational ex
itation 
ross se
tions 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 mat
hing
ondition 
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 fun
tions 
an be repla
ed by their asymp-toti
 forms, then it is easily shown that the mat
hingequations be
ome independent of ro.[16℄ Gauya
q andHerzenberg [15℄ used this line of reasoning some timeago, treating K as an empiri
al parameter adjusted itto �t experiment, to model the threshold vibrationalstru
tures seen in e�+HCl s
attering. Their pro
edure
an diverge at 
ertain 
ollision energies unless 
ontin-uum target states are in
luded in the expansion and, inany 
ase, is not pra
ti
al for polyatomi
 mole
ules. Themat
hing 
ondition, as we have re
ently shown [17℄, 
anbe reorganized into an equivalent di�erential equation.Moreover, our analyti
 
ontinuation pro
edure for 
on-stru
ting the 
omplete anion surfa
e obviates the need fortreating K(R;�) empiri
ally. The key to the derivation,whi
h is detailed in ref. [17℄, is to begin with the mat
h-ing 
ondition and to use the operator identity kn�n =
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FIG. 2: Ex
itation 
ross se
tions 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)�	, one
an derive the equation:�2(E �Hion) + hp2(E �Hneutral);K(R;�)i�	 =(K(R;�) + k0)�0: (4)Sin
e the variation of K with geometry is signi�
ant,espe
ially in the vi
inity of the 
rossing seam betweenneutral mole
ule and anion, the 
ommutator in Eq. (4)is non-negligible and 
arries signi�
ant non-lo
al e�e
ts.We solved Eq. (4) in normal 
oordinates using a two-dimensional dis
rete variable representation (DVR) ofthe nu
lear wave equation, as outlined in ref. [11℄. Theoperator p2(E �Hneutral) was represented in terms ofthe matrix eigenvalues and eigenve
tors of Hneutral inthe �nite DVR basis [17℄. The ex
itation amplitudes Anare obtained as An = h�njK + knj	i and the 
ross se
-tions are evaluated using Eq. (3). We show the resultingvibrational ex
itation 
ross se
tions in Figure 2.The sele
tivity seen in the ex
itation 
ross se
tions forthe two 
omponents of the dyad is the result of two ef-fe
ts. First, there is the 
omplex part of the 2A1 surfa
ethat for
es 	 to de
ay 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 surfa
e 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 larger
ross se
tion for the upper member. More important indetermining the sele
tivity, however, is the 
ommutatorin Eq. (4). As dis
ussed 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 mu
h bigger intera
tion with the ele
troni
 motion.The same e�e
ts 
ome into play in the 
ross se
tions forex
itation to the higher polyads. In the triad, for exam-ple, only the upper member has signi�
ant probability
lose to the 
rossing seam and, 
onsequently, its 
rossse
tion is greatly enhan
ed versus the other vibrations ofthe triad. As we in
rease the ele
tron energy and ex
ite
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FIG. 3: Contour plots of the wave fun
tions for the two 
om-ponents of the Fermi dyad in O-C-O angle, in degrees, andC-O bond distan
e, in bohr. The thi
k line marks the seamwhere the anion and neutral surfa
es 
ross. The imaginarypart of the anion surfa
e is zero above the seam and in
reasesproportionately in regions indi
ated by the shading. Toppanel: upper member of dyad; bottom panel: lower memberof dyad.

states higher up in the CO2 vibrational spe
trum, thetemporary negative ion probes larger portions of the 2A1surfa
e, in
luding regions where the anion state is boundrelative to the neutral. Almost all the members of thepolyads now 
ross the seam and the sele
tivity betweenthem is not as pronoun
ed. However, nu
lear motion isso strongly 
oupled to the ele
troni
 motion at the seam,that the dynami
s near the seam is sensitive to the open-ing of new vibrational 
hannels. This e�e
t appears inthe theoreti
al and experimental 
ross se
tions of the topmembers of the triad, tetrad and pentad shown in Figure2. The opening of a new 
hannel eats a hole in the 
rossse
tions of vibrational 
hannels that were already open.In summary, we have shown how a simple thresholdlaw des
ribes the 2A1 ele
troni
 surfa
e of the virtualstate. Only two dimensional dynami
s that in
lude non-Born-Oppenheimer e�e
ts on this surfa
e 
an predi
t thesele
tivity and the os
illating stru
tures seen in the ex-periment. Slow ele
trons intera
t strongly with vibra-tional states that probe 
on�gurations where the CO2and CO�2 potential 
urves 
ross.The authors a
knowledge helpful dis
ussions with H.-D Meyer and T. Sommerfeld. This work was performedunder the auspi
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