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Experimental evidence for a virtual state in a cold collision: Electrons and carbon dioxide
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Experimental data are presented for the scattering of cold electrons hyf@®oth integral and backward
scattering, down to energies of a few meV with an energy resolution of 0.95-1.5(fakWidth at half
maximum) in the electron beam. The experimental data show evidence for the phenomenon of virtual-state
scattering, a subject of extensive theoretical study. The measured scattering cross sections rise rapidly at low
energy, to a limiting value in integral scattering in excess of 130liaddition, analysis shows that scattering
is swave dominated and that tlsewave scattering length is negative. All features are characteristic of virtual
state scattering.
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[. INTRODUCTION scattering, a theme to which we return briefly at the end of
this paper.

Cold collisions, in which the de Broglie wavelength is  The choice of CQas a target species in the present work
very much greater than the typical size of a moleddl ~ arose partly because of its intrinsic interest and partly be-
form a fascinating topic, since quantum effects dominate th€ause theory, based originally upon model potenf@}sand
outcome of the collisions. Here we report the results of cold®upported by some early experimefit$ has long suggested
electron-scattering experiments, which provide experimentéhat electron-scattering cross sections are anomalously high
evidence for the existence of a so-called “virtual state”at low collision energies. Electron collisions with G@ave
[2,3,4. The first rigorous theoretical demonstration of become the virtu.al—state test _bed and new superpomputing
virtual-state scattering was reported recently in R2f. The ~ esources have signaled a major recent and on-going compu-
presence of a virtual state causes,a® be extraordinarily tational effort to investigate the system. Thedeinitio stud-

efficient in scattering low-energy electrons. Our data poin{e_s[2,3,4,8,9_,1§)have given strong support tp the view that a
- . _virtual state is created at low energy, in which a bound state
the way to a set of cold collisional phenomena due to virtual . .
. : . . of the electron and CQis almost, but not quite, born. Our
_states, relating .bOth to elec_tron-molecule mteracﬂons mvo"’.investigations with cold electrons extend down to energies an
ing large polarizable species and also heavy particle CO"'brder of magnitude lower than any previous measurements
sions relevant to the formation of Bose-Einstein molecular, 4 4150 provide directly the backward-forward asymmetry
condensatefl,5]. S _ _ of the scattering. The latter information is essential in order
~ The study of cold collisions involving molecules is a sub-, estaplish the nature of electron-E@cattering and the
ject in its infancy and new phenomena remain to be identipresent data furnish telling experimental evidence for the ex-
fied and characterized experimentally. The virtual-state phegstence of this delicate quantum creature, the virtual state.
nomenon is a prime example. Virtual states arise in
theoretical models as states of the collision partners in the

continuum and are dubbed virtual because they cannot be

accessed classically on grounds of energy conservation. |n our experiments, see for examplel], synchrotron ra-
Theory suggests that virtual states may have a dramatic effiation from the ASTRID storage ring at the University of
fect on scattering, enhancing elastic cross sections by factorsarhus provides an electron source through photoionization
that may approach two orders of magnitude in low-energyf argon. The wavelength of the synchrotron radiation is
encounters. Below we describe experiments that demonstratened to the sharp autoionizing resonance
the reality of the virtual-state phenomenon. The experimentahr** 3p%(?P;,)11s superposed on the broadd9 reso-
system, which we use for these studies, is uniquely able taance at 78.65 nni12], a few meV above the ionization
control low-energy electron beams and perform scatteringnergy threshold foPP;, Ar™ at 15.759 eV(78.676 nm
experiments down to kinetic energies below 10 meV. Elec{12)). The resulting photoelectrons have an energy resolution
trons at these energies are represented by matter waves which is determined by the energy resolution in the photon
long wavelength, for example, of 12.2 nm at 10 meV energypeam. The undulator beamline on ASTRID, fitted with a
or 120 K. For comparison, a Rb atom at a temperature of Spherical grating monochromator, delivers photons, and
X 10" *K has the same wavelength. Thus understanding ofherefore photoelectrons, with a resolution as high as 0.75
quantum events in electron scattering at very low energiemeV full width at half maximum(FWHM). Doppler motions
contributes to an understanding of cold atom and moleculef the room-temperature target gas degrade the effective en-

ergy resolution in the present experiments by less than 1%

for collisions at 10 meV impact energy, rising t015% at

*Corresponding author. Email address: dfield@ifa.au.dk 100 meV[13].

Il. EXPERIMENTAL METHOD
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FIG. 1. A scale diagram of the apparatus. Monochromatic syn- 0+
chrotron radiation enters a photoionisation source containing argon 0 0.05
Photoelectrons, expelled by a weak electric field, are focused by ¢
four-element leng14] into a collision chamber containing GO
Transmitted electrons are detected at the channel electron multiplier FIG. 2. Experimental scattering cross sections for electrons and
(“channeltron”) situated beyond some further electron optics. CO, vs electron impact energy. The upper set of data are total

. h le di fth h integral scattering cross sections, and the lower, total backward
Figure 1 shows a scale diagram of the apparatus. Sync "@toss sections. Errors in the values of cross sections-86 be-

tron radiation is focused at the center of the region of photogyeen 30 and 200 meV increasing 18% for lower energies. The

ionization into the form of a strip less than 10n in thick-  gjight tendency to oscillation in the backward cross sections is an
ness, representing a demagnified image of the exit slit of thexperimental artifact.

monochromator. A weak electric field expels the electrons

from the source region. Electrons are formed into a beam angm] and O [15] (and references thergirThe electron en-
focused by a four-element electrostatic zoom g into & grgy can be specified with an uncertainty at higher energies
cell containing the target gas at room temperature. The ens +5 mev. Zero energy may also be clearly identified from
ergy of the beam is scanned by varying the potential in thgne onset of detectable current and at the very lowest ener-
electron source region. The attenuation of the beam in thgies the absolute scale is known with an uncertainty of better
presence of the target gas is measured as a function of eléfan +1.5 meV. The uncertainty in reported cross sections
tron energy by recording the beam intensity at a channejye to random errors in the measurements is estimated to be
electron multiplier (Galileo channeltron 7010Mbeyond  go4 (one standard deviatiort the lowest energies, falling
some fur_ther elect_ron optics. _Thg entire system may be imgy +504 at higher energies, that is, above 100 meV. These
mersﬁegd in an axial magnetic fieldl1] of strength~2  egtimates take into account uncertainties in pressure mea-
X10°°T. ) ) ] ) surements, random fluctuations in the measured electron-
The cross-section for scattering is given by peam intensities and uncertainties in our calibrations and in

(NI)"*In(Io/l), whereN is the target gas number density, gata from other laboratories with which comparison was
is the path length in the gas, ahgland|, are, respectively, made(see above

the intensities of the incident and transmitted electron beams.
Measurement of pressure was performed using a Leybold
Viscovac VM212 rotating-ball gauge. Extensive comparison
with data from other laboratories has shown that the path Our experimental results are shown in Fig. 2. The energy
lengthl is the geometrical length=30 mm) of the scattering resolution(FWHM) in the incident electron beam was set to
cell. When the magnetic field is absent, the measured cross95 meV above 50 meV impact energy and 1.5 meV below
section is the total integral scattering cross section, wherthis energy. For C§ the processes that may contribute to
“total” refers to all elastic and inelastic events and “inte- the measured cross sections are elastic scattering,
gral” refers to integration over the full # sr. In separate quadrupole-induced rotationally inelastic scattering, and vi-
measurements, with the magnetic field present, onlprationally inelastic scattering. Analysis of rotationally in-
backward-scattered electrons are recorded as lost to the in@fastic collisiond17,18 shows that these have integral cross
dent beam, since forward-scattered electrons are guided onsections of 1.2—1.4 A Vibrationally inelastic collisions

the detector. The cross section measured is the totéll9,20 with thresholds at 82, 172, and 292 meV for the
backward-scattering cross section, that is, the cross sectidrend, symmetric, and asymmetric stretch, respectively, have
for all events that cause electrons to be scattered into thiategral cross sections at maximum of the order of 1-125 A
backward 2r sr. The performance of the instrument in mea-Hence inelastic contributions to the measured cross sections
suring backward-scattering cross sections has been extem Fig. 2 can be ignored to within the experimental error of
sively checked[11,15 by comparison with known data. measuremenfsee caption to Fig.)2at impact energies be-
Calibration of the absolute electron kinetic energy, necessarpw, say, 100 meV. Figure 3 shows a comparison between
due to contact potentials of typically tens of millivolts, is theoretical values, for elastic scattering, and experimental
performed using energy-calibrated scattering spectra for Ndata, including the two other measurements available of ab-

0.1 0.15 0.2
Energy (eV)

Ill. RESULTS AND DISCUSSION
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suitable symmetry are available, could also, in principle, be

i Present Data: Integral encou nte red .
e Pre t Data: Backward .
120 27 Bxperimental Data of Ref. 7 Our data show that the electron-g€xattering cross sec-
~ = — - Experimental Data of Ref. 21 . . . LT
oo b O Ref.3 tion rises to an anomalously high limiting value at very low
< X Rek S wegral | energy, as expected for virtual-state scattering. The angular
w0l MR information in our data in Fig. 2 is used below to demon-
2 % Ref.d strate that the rise in cross section at low energy d t
8 t A Ref.4 gy does no
G 60 © Ref.9 have a strong contribution from, saypavave resonance but
3 rather is stronglys-wave dominated. We have noted that this

N
=}

is an essential characteristic of virtual-state scattering. The
angular variation of scattering at our lowest experimental

20 A

i **&5-«-,....25,,,”2?:;;;00 - _ energy is approximately 60% forward and 40% backward.
of . e ""'?"""'9§‘9'°-%§oooorfmoa@aooo%oppci Pures-wave scattering would yield symmetrical backward-
0O 01 02 03 04 05 06 07 08 09 1 forward scattering. Our data therefore indicate some residual
Energy (eV) p-wave component, that is,=1 waves contributing to

) ) _ backward-forward asymmetry. We now show thatphsave
FIQ. 3. Comparison between experlment and theory: for Cla“tycomponent is in fact very small and that at energies around
gxpenmental valu_es are_shown as continuous, dashed,_ and dotted meV, scattering is indeed very close to pargave. Two
lines and theoretical estimates as symbols. All theoretical Valueapproximations are introduced, in the first place that arly
save[6] and[22] areab initio. and p-partial waves contribute to the scattering, a good ap-
proximation at low energies, and in the second that the inter-
solute cross sections below a few hundred nfg&\21]. All action potential of electrons with GQs spherically sym-
theories arab initio studies save for two early model poten- metrical. With respect to the latter approximation, the
tial calculations[6,22]. Very recent work[3,4,8,9,10 pro-  spherically symmetrical charge-induced dipole potential re-
vides qualitative confirmation of the findings in the fisi ~ mains more than twice as powerful as the angle-averaged
initio study[2]. All theories show the characteristic increase charge-permanent quadrupole moment potential out to a
in cross section at low energy and all attribute this to virtual-fange of interaction of 5 A. Without any assumptions about
state scattering. Theoretical results [8] demonstrate the mechanism of scattering or the radial dependence of the
backward-forward symmetry in the angular variation of theelectron-CQ interaction potential, it follows on the basis of
scattering at low energy, pointing to the dominance ofthese approximations that the integral and backward-
s-wave scattering. The inaccuracyatf initio theoretical val- ~ scattering cross sections;r and o, respectively, may be
ues, and the discrepancies between them, arise from the wefepresented in terms of the shifts of phase thatstlaad p
known and very considerable difficulties involved in treatingwaves undergo in the course of scattering from the target, as
correlation and exchange in low-energy electron collisions. follows [15]
A physical description of virtual-state scattering is as fol-
lows. The electron-C@interaction yields an energy well, o :4_”(Sz+3pz) 1)
which may support states of GQ Depending on the K2
strength of the interaction, such states may, in principle, be
bound or lie in the continuum, a little above the top of the 2T, ) - 5 211/
well. The latter give rise to virtual-state scattering. If such a ‘TB:W[(S +3p?) —3{s’p*+sp(1-s%)(1-p?)]1"%],
state in the continuum differs by an eneuyi from the total 2)
energy of the system, then the electron wave in the presence
of CO, feels the influence of the state for the brief pertod ~ wheres=sin», andp=sin,, 5y and 5, are, respectively,
whereAEAt=h/27. Calculationd 23] suggest thait is of  the s- and p-wave phase shiftk is the wave vector whose
the order of 10%°s. The presence of this state gives addi-magnitude is given bk=(2E)Y?, whereE is the electron
tional phase shift to the scattered electron wave. The smallémpact energy in a.u. In order to extract phase shifts we have
the energy mismatcAE, the greater is the cross section in expressed these as expansionk.ifExpansions up té&* are
the limit of low energy. Virtual-state scattering does notmore than adequate to extract valuesygfand 7, within the
lengthen the lifetime of the electron-molecule encounter andccuracy of the experimental data. The coefficients of pow-
is therefore not resonant scattering. Moreover ayaves ers ofk in expansions fois- and p-wave phase shifts have
give rise to the virtual state effect, which peaks as the impadbeen varied so as to reproduce as closely as possible our
energy approaches zero. If higher angular momentum wavesxperimental data on a least-squares basis, using Bcand
are involved, shape resonances, for example, may be forméd). This simple fitting procedure, “partial-wave fitting,”
above zero energy, involving states of £0in the con- vyields a set of absolute valuess and p-wave phase shifts,
tinuum. We show below that higher angular momentummodulo 7, as a function of impact energy. In order to limit
waves are not significantly involved here. In addition, thethe inaccuracy associated with inclusion of ordyand p
electronic symmetry of the CO state in the continuum may waves, data were fitted to energies only up to 100 meV. We
exclude theg wave from involvement in scattering. Feshbachfind that thes-wave contribution to the scattering is strongly
resonances involving waves, or highet waves if states of dominant at our lowest experimental energies. As an ex-
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7T A rapid rise in cross section at low energy and strong
i s-wave nature of the scattering in cold electron collisions are
6.5 1 characteristic both of bound-stasevave resonances, as in

ARRREE the formation of long-lived S§ [24] by SF;, and in virtual-

6 state scattering, with no accompanying long-lived negative
. ion formation.Swave resonances have positive values gf

< and virtual states have negative values. Our data may be used
- , to distinguish between these two cases and to show that the
£ 5 T scattering length in the present case is negative, as follows.
= ' We introduce the approximation that the long-range part of
~ the interaction potential between the electron and, @O
dominated by spherically symmetrical charge-induced dipole

1 polarization and thus by a potential varyingrag. Modified
35 effective-range theoryMERT) then shows thaft25,26|
r 4o ’ T o, 3
S e tanny=—Agk| 1+ 3a. k“In(kag) | — 3a. k+Dk
0 0.02 0.04 0.06 0.08 do do
Wave vector, k (ao'l) +F k4, (3)
FIG. 4. The variation ok ! tar7,|, shown as open circles, vs o
k, wherek is the wave vector, expressed in atomic ufter Bohr tanzn, = ( E) k2+HKk3, (4)
0

radiusag), and 7, is thes-wave phase shift estimated from a fit to
the experimental data of Fig. 2. The dotted line represents the fit b . . .
which F:he value of the intgrcept on the ordinatepwas determined}.;\’herea is the pola_1r|zal_3|l|ty Olf Co (= 19'6418)_ andk and
The intercept gives the absolute value of the scattering length ifto @re expressed in units af, ~ anda,, respectively, where
units ofag. ay is the Bohr radius. Equation@) and (4) yield s= and
p-wave phase shifts which, inserted into E¢s) and (2),
ample, theswave phase shift i$0.15§+0.002 rad at 10 yjeld integral and backward-scattering cross sections. Calcu-
meV, contributing 118.5 Ato the integral scattering cross jated cross sections were fitted to experimental values, using

section. Thep-wave phase shift is approximately an order of 5 | p F andH as fitting parameters, noting that termskih
magnitude lower, contributing the additional fevé # make and k* make only a small contribution. Using a negative

up the total recorded in Fig. 2. The data are of insufficieni‘Value of Ay, good consistency could be obtained between

quality to provide better than an order of magnitude eStim‘""t(f\nte ral and backward-scattering data. This is shown in Fi
of the p-wave phase shift, but the dominancesafiave scat- Wr) [figt]s labeled a and Jc for datg up té) 50 meV withA, 9:

tering is quite evident. Our derived phase shifts also show ' .
that the proportion of the cross section attributablepto =677y, a value_ Iylng~7%. hlgher than the value re-
waves relative tes waves drops at lower energy, as the corded abovésee Fig. 4. A positive value of the scattering

wave finds increasing difficulty in penetrating the centrifugall€ngth may also be used to fit the integral-scattering data,
barrier associated with-wave scattering. For example, the  9iving A;=6.04a,, but backward scattering is then strongly
wave contributes between 5% and 15% of the cross sectiopverestimated. This is also shown in Fidf labeled(b)]. It

at 50 meV impact energy, but less than 5% at 10 meV.  follows thatA, is a negative quantity.

The s-wave scattering lengtA, is an important quantity To reinforce this numerical analysis, it may be shown ana-
used to characterize cold collisions. From a viewpoint ridinglytically using Eqgs.(1)—(4) that the difference between the
on the unperturbed matter wave associated with the impacferward-scattering and backward-scattering cross sections
ing electron far from the target, the wave appears to have itAo as a function of wave vector may be expressed as
origin in the vicinity of the target, either in front of itA,
positive or beyond it(A, negative. The distance between Amla
the apparent origin of the wave and the target is defined as Ao~ 5
the scattering length and is to some degree equivalent to the
radius of the target that the molecule presents to the incomignoring all terms involving fitted empirical coefficients of
ing electron. The absolute value Af is given byk ~* tar] 7| k3 and k*. ExperimentallyAo is a positive quantity, with
ask—0. Figure 4 show& ' tan7,| vs k between 9 and 70 forward scattering dominating over backward, requiring that
meV, usings-wave phase shifts derived from the fitting pro- A, be negative. Hence we conclude that=—3.32
cedure described above. The intercept on the vertical axist0.08 A, where the value from partial wave fitting is
obtained by simple extrapolation, yields a scattering lengttadopted since this, in contrast to MERT, requires no addi-
of |6.28+0.15 in units ofa, or |[3.32+0.08 A. Equiva- tional assumptions about the radial dependence of the inter-
lently, the scattering length may be determined from the lim-action potential.

— Aok )

112 ek T2
3a, n(kao) 3ag

iting cross section ak— 0, which is given by 4TAS. Ex- In addition, all calculations, bothb initio and based on
trapolation of our data gives a scattering length@P2a,  model potentials, find a pole in the scattering matrix around
or [3.29 A. zero realk, that is, around zero energy, but negative imagi-
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140 ¢ CO,. For example, many of the same considerations, which
’ govern cold electron collisions, also govern cold collisions of
heavy particles. Thus cold molecular collisions could also
show virtual-state elastic scattering. This may in fact have
already been observé@7] in Rb+Rb, collisions, for which

120 4

100 4

?g : elastic scattering was found to have a large negative-
g 807 scattering length in a Bose-Einstein condend®EC). In
3 i N atom-atom collisions, strong enhancement of scattering in
2 60 + cold Cs-Cs collisions has been recorded at zero energy and
5 : "._.. — this may also be attributable to a virtual staf8]. At all
40 - iy . events, elastic collisions will play a central role in the for-
i I mation of molecular BECs and the stability and properties of
20 4 c these condensates will depend on the sign and magnitude of
i the scattering length for elastic scatteriig. Strong virtual-
1 e ST B state cold molecule scattering would prohibit the formation
0 0.01 0.02 0.03 0.04 0.05 of large condensates.
Energy (eV) To conclude, returning to cold electron collisions, other

nonpolar species such as benz¢h®,29 and perhaps also
FIG. 5. Fits to experimental data, obtained using E@5-(4), naphthalene, anthracene, and peryl¢86] may display
Sec. lIl. Fits are shown as continuous lines, experimental data fovirtual-state scattering near zero electron impact energy.
integral cross sections as open circles and backward scattering crogdeakly dipolar species, with moments of less thah D,
sections as filled squares. The fits labeled a and ¢ were obtaingdiay also, in principle, show virtual-state scatterjBd]. An
with A;=—6.723, and optimized coefficient®, F, andH of k®  example is NO, with a dipole moment of 0.161 D, which
andk* [Egs. (3) and (4)]. The line labeled b represents the com- shows similar angular scattering behavior as,@020 meV
puted backward scattering cross sections obtained using a positi\(ﬁ,pact energy and anomalously high cross sections at low
value of Ay, showing very poor agreement with experiment. Fur- ejectron-collision energie@vork in preparation Vibrational
ther details are given in Sec. IlII. and rotational excitation in cold collisions may also be en-
) . . hanced by a virtual state, for example, for £@9,20,23, in
naryk [3,4,23. This represents the virtual state and requiresyhjc the departing inelastically scattered near-zero energy
that the scattering length be negative. By combining this rogectron experiences the effect of the virtual state.
bust qualitative theoretical result with our experimental data
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