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Near-threshold cross sections for elastic scattering and for excitation of the 100 symmetric stretch vibra-
tional mode of CQ have been calculated using the energy-modified adiabatic phase matrix method. These
calculations are based on fixed-nuclei R matrices at several internuclear geometries that incorporate short-range
exchange and correlation effects. The representation of the polarization response of the target inside the
R-matrix box is improved using an alternative numerical techniqueAfRgrocedure. These calculations over
a range of internuclear distances reveal unanticipated behavior of the near-threshold scattering matrix. A
fixed-nuclei virtual state occurs only in a limited range of internuclear separation, changing to a weakly bound
state outside this range. Thus an energy pole of the scattering matrix remains near threshold and has a large
effect on both elastic and vibrational cross sections, but cannot be simply described as a virtual state. Our
guantitative results, in good agreement with experiment, indicate that the present modified adiabatic method-
ology is adequate to treat this complex behavior.
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Understanding virtual states and their consequences is in®00— 100 cross section was first proposed by Morrison and
portant in a host of subdisciplines. In addition to their well- Lane[9] (see alsd10,14)). Subsequent crossed-beam mea-
known influence on the properties of the deutdrblvirtual ~ surements by Kocheret al. [11] seemed to confirm this hy-
states participate in current and electric-field profiles in semipothesis, and contemporaraneous theoretical analysis by Es-
conductor superlatticef?], swave scattering from widely trada and Domck¢12] addressed the relationship between
used model potentials such as the von-Neumann-Wigner pdhe virtual state and the threshold peak. Nevertheless, this
tential[3], and quantum wells in, for example, analysis usinghypothesis was subsequently challeng&f]. Moreover, a
phase-tailored pulse traifhd]. recent calculatior[16] gave very-low-energy elastic cross

The present paper concerns the effect of such a state @ections much smaller than those of previous studies, raising
e-CQO, scattering at energies near threshold. The continuingerious questions about the relevance of a virtual state to
interest in cross sections for such collisions derives in pare-CO, scattering. Finally, recent experiments by Fieldal.
from their importance to molecular and chemical physics[17] using a high-resolution synchrotron photoionization
atmospheric and plasma physics, and gaseous electféifics electron spectrometer present a significant challenge to both
But this system poses fundamental questions as well: e.g., dhe measurements of Kocheat al. and all existing theory:
anomalously large zero-energy cross secti6r-8] and a for the 006-100 excitation they find a much more abrupt
sharp peak near threshold in the cross section for excitatioanset and a much smaller full width at half maximum
of the 100 symmetric stretch vibrational mojd#e-12]. (FWHM), noting that “it remains for example to be seen if

The first significant evidence of these anomalies was théhe virtual state model is satisfactory or not.” Clarifying this
remarkably large near-zero momentum transfer cross sectidnighly uncertain situation is the agenda of the present re-
determined by Lowkeet al. [13] from transport analysis of search.
swarm data. These cross sections were corroborated by the- Prior to 1985, all theoretical work on the CO, system
oretical calculations of Morrisoet al.[6] and a virtual state was semiheuristic: either close-coupling calculations using
mechanism hypothesized to explain them by Morri§8h  empirical models for exchange and polarizatjér8—10 or
Further evidence came from time-of-flight measurements oflynamical theorie§12] whose parameters were based on
total cross sections by Fereh al.[7]. That a virtual state, if earlier theoretical work6] and/or on experimental cross sec-
present, might induce a pronounced threshold peak in th#ons[11]. For near-threshold vibrational excitation, only two

studies have appeared: the adiabatic-nuclear vibréfibiv )

calculation of Morrison and Lang9], which did not repro-
*Email address: sdm@t4.lanl.gov duce the structure of the peak because the ANV approxima-
"Email address: morrison@mail.nhn.ou.edu tion fails to conserve energy near threshold; and the two-
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state vibrationally coupled calculation of Whitten and Lane ' ' '
[10], which was based on a parameterized model and not 5r @ @
demonstrably converged. It is therefore imperative to under- .
stand vibrational excitation in this system via a more rigor-
ous treatment that is appropriate near threshold.

Our starting point is a series of fixed-nucl&N) scatter-
ing calculations using R matrices in which static, nonlocal
exchange, and short-range bound-free correlation effects are ©
explicitly included [18]. By interpolation of the resulting
scattering(S) matrices at real energies, we determine the L
pole of the S matrix as a function of the oxygen-carbon sepa- 0 " LI
ration Rqq; this variation is essential to understanding near-
threshold vibrational cross sectiofid]. We then investigate
the influence of this pole on(")(000—100) using the
energy-modified adiabatic phase matiiEMAP) method 2T T
[20—22 to incorporate the vibrational dynamics.

A virtual (bound state corresponds to a pole of the S —31_8 2o 24 26
matrix at momentunk=i « with k<0(x>0). If sufficiently R, (bohr)
near the origin, such a pole profoundly affects low-energy
cross sections. Foe-CO, scattering, it results in a zero-

i iarie) i ion- . . .
energy elastic cross sectiari®) whose value is exception the pole positionc (squarepsas a function of C-O internuclear sepa-

ally large for scattering from a nonpolar tar§&®]. The pole  ation. The open symbols are DRP-corrected values; the closed
position « is related to the zero-energy limit of tig; FN symbols are uncorrected.

eigenphase sum, A~ —lim,_otan&.2 (k)/k. In this limit,
5§3m(k) is equal to an excellent approximation, to tawave  paring uncorrected and DRP-corrected results.
eigenphase Shifﬁig(k), and one can determine by ex- An FN K matrix was computed from each FN R matrix

ina the | . h | ; Doi using standard prqcedures. This determines the complex en-
ggr;?grgst tﬁ d?ﬁ;ﬁgzzg%e?%%ug ngﬂ};:\o:el?:snﬁﬁh ong ergy of an S-matrix pole near the continuum threshold as a

The present study uses FN R matrices calculated by Ivlorf_unction of Rep. The values of these parameters are sensi-
gan[18], which are based on small complete active space

configuration interaction wave functions and include a rep-
resentation of polarization effects and virtual electronic ex-
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FIG. 1. Variation of(a) the scattering lengti (circles and(b)

0.60 T

citation. We performed FN scattering calculations Raig s 0.40
=1.9,2.0,2.1,2.1944equilibrium), and 2.5,. Outside the &
R-matrix “box” of radius 10a,, we include thelocal) static §
and polarization interactions via a power-series expansion & 0.20
[23]. 7

Unfortunately, the basis used in the aforementioned FN °i
e-CO, calculations positions théll, resonance at equilib- 0.00 _
rium at 6.0 eV[18], significantly above the correct value of 8.0 ‘ ‘ ‘ '
3.8 eV. We have found that this error arises from the inability

6.0 | -

of the basis to correctly represent the polarization response
inside the R-matrix baxWe have developed a different
procedure—the AR procedure” (DRP) [24]—which we

here use to correct these R matrices so as to reproduce the
experimentally determinegt CO, scattering lengtih25]. The

DRP begins with construction of a set of effective R matrices
at an effective target radiug by propagating FN variational

R matrices inwards from the box radius, using as the poten-
tial energy one’s best estimate of the effective potential in the

near-target region from the original FN variational calcula- FIG. 2. Vibrationally inelastic(000-100 cross sections for
tions. One then _propagates each_effective R_matrix ou'[warg_co2 scattering at energies below 1 eV from the present
fromrgtory, using a local potential, based either on theorygap+DRP (solid line) and EMAP(long-dash ling calculations.

or experiment, designed to represent more accurately the p@jso shown are the crossed-beam experiment of Kockeai. [11]
larization response in the near-target region. Comparingopen circles (a) Differential cross sections at 90tb) integral
EMAP and DRP results reveals the sensitivityee€O, scat-  cross sections. Also shown {h) are theoretical results of Morrison
tering quantities to the polarization response in this nearand Lang9] (medium-dash lineand Whitten and LanglL0] (dotted
target region. Figures 1, 2, and 3 illustrate this point by comiine).
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channel energg=E—E,, whereE is the total system en-
ergy andg, is the energy of state. Off-diagonal elements

(v #vy) are evaluated at the geometric mean of the entrance-
b and exit-channel energies](E—E,)(E—E,)]¥2 The
5L . EMAP extension invokes the FN phase matfi?1,28

\ ®(€;Reo)=(1k)tan *R(e;Rco). Background, justifica-
Vo ] tion, and details of these procedures appear in Mazstvait
PR [22,23,29.

i Figure 2 compares EMAP 000100 differential cross
sections (DCYS (threshold at 0.1653 eVto those from
crossed-beam experiments of Kochetal. [11]. Part (a)

\ % R 1 . .
\ o shows their energy dependence at a scattering angle of 90°;
I I \ N P part (b) shows o®)(000—100) and includes results from
N0 o el previous ANV calculationg9] and from a two-state vibra-
- N Tl tionally coupled model-potential studyt0]. The presenab
e S S | ;‘ initio cross sections agree very well with the measured data
ST in the vicinity of the near-threshold peak. As the energy in-
g — e — creasesyg()(000—100) decreases sharply. For the range of
onset, Fieldet al. [17] measured 30 meV and for FWHM
Energy (eV) found 25 meV; by contrast, our values are in close accord
with the range 100 meV and FWHM200 meV of Kochem
FIG. 3. Vibrationally elastic cross sections ®CO, scattering gt g, [11].
gt;;‘ergies E_’e"z‘(’j" lheY: greAsIent EhMA'Eblid "rt‘ﬁ) a”dt_E'\:'AP Wlitth f There recently appeared two relatad initio studies of
correctionidasn fing. /IS0 snown are theoretical results ot ;n ationally elastic eCO, collisions. In the first, Rescigno
;ﬁz itxgle'rgile]n(tc;%g?asgfl'Sﬁcir;?es:ﬁgzqc?é;;n[i%(ed; tFL':;Ce)h et al. [30] reported total and elfastic cro;s sections ba;ed on
et al.[7] (pluses, and Szmytkowski and Zubdig5] (solid boxes. the compllex Kohn method with poIarme_d self-consistent-
field functions to represent target polarization. In the second,

Lee et al. [31] reported elastic cross sections in the FN ap-

tive to the inner radius of the DRP procedure, which was,qyimation from Schwinger multichannel calculations using
adjusted to fit the experimental scattering length. Fitting the, ¢ set of “polarizing” orbitals. In Fig. 3 integral cross

DRP-corrected ;FN K matrix to a modified effective range  sections from both studies are compared to our uncorrected
theory expansion in powers ¢f[26,27 for O<k=«x, We  4nq DRP-corrected cross sections along with experimental

find «=—0.14a, " at equilibrium, which corresponds t0 @ gata of Ferclet al.[7] and Buckmaret al.[32]. Our value of
scattering length oA=—7.18,=—3.80A and to a zero-

J . - c A the uncorrected (equilibrium) scattering length A=
energy fixed-nuclei elastic cross section of A —4.44, is consonant with that of Leet al. [31] (A=
=647.8%15=181.39 K. (The vibrationally elastic threshold —451a,); however the DRP correction moveA to
cross section is known to be about 2007A13).) Our results —8.9%m ’ closer to the swarm-derived valug= —7.2a
confirm that anomalously large values of low-energy cros 5], 0 0
i]e;ttrli())(ns can be attributed to this near-threshold pole of the The present study illustrates the effect ofawave ()

Figure 1 shows the computed scattering lengthnd the ~ P0€ ong{*)(000—100) near threshold. This mechanism dif-
corresponding pole parameteras functions ofReo. The fers fundamentally from vibrational Feshbach resonances
scattering length varies almost linearly, passing through zergqat explain analogous peaks in n_ear?threshold cross sections
at Reo~2.061,, near the potential minimum. Data not or polar molecules[33]. In the vicinity of the peak, our
shown indicate thak passes through zero near 2,6 as in a")(000—100) agree far better with the cross-beam data of
some local-potential models. Thus the physical effect varie§OChem e_t al. [11] than W'th the synchrotron spectrometer
smoothly from a virtual state A<0) for 2.08,>Rco data of Fieldet al. [17], which appear to decrease far too
=2.60, to weakly bound states outside this range.AIthoughrap_I'_(:llg' resent research further resolves the lona-standin

this behavior contrasts with simplified models, our computed i P f whether vib u di bvt' foct 9 e It 9
cross sections indicate that it describes more realistically thgues |onﬂ? Wh eld er_t\)/l tr_omcl nonalgiz; ;1'025 2e8C3?4p|§r ICipate
effect of the optical potential that results from correlated' N€artnresnold vibrationa peagic,zL,e,28, rom
wave functions for this polyatomic molecule. previouse-CO, stuglles[lo,_lﬂ one might conclude_ that ac-

To calculate cross sections via the aforementioned EMASUrate representation of virtual-state effects requires a nona-
method, we approximated elements of the vibrdRimatrix diabatip m?thf’d such as vibrational close coupling or the

R;\| . 1-(€) by vibrational integrals of the corresponding FN nonadlabqtlc phase.matr.|x .methﬁﬂﬂ]. The EMAP.method,

oo . however, is fully adiabatic in the near-target regjonhere
R-matrix elementsR, (€;Rco). Diagonal elements o

nonadiabatic effects would be most important. This method
=vg) are evaluated fronR|,|o(e;RCO) at the appropriate differs from the conventional ANV approximation in that it
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conserves energy and guarantees both unitarity and corresions. This finding should prove useful in future studies of
threshold behavior of the most significant elements of the Scattering from other nonpolar targets, such as, @l Sk
matrix [23]. We conclude that a propéadiabatig treatment  [19], whose vibrational cross sections exhibit similar peaks.
of the energetics of the collision—not inclusion of nonadia-

batic effects—is required to represent accurately the influ- We acknowledge support of the National Science Founda-
ence of a virtual-or bound-state pole on near-threshold collition under Grant No. PHY-0071031.
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