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Experimental data are presented for the scattering of cold electronsgtgn8FEFs, down to energies of a
few meV, with an energy resolution varying between 0.95 and 1.5 (h@Vwidth at half maximum in the
electron beam. The measured scattering cross sections rise rapidly at low energy and represent effects of
bound-state attachment and scattering in the case o&fdr virtual state scattering in the case gFg Data
are combined with known attachment cross sections fgy t8Fyield elastic-scattering cross sections, from
which phase shifts for elastic scattering are derived. $eave phase shift rises as energy falls as theory
requires for a potential supporting a nonadiabatic bound state and possessing a largespesii@ecattering
length. The behavior at very low energy of teevave phase shift is, however, anomalous, the phase shift
remaining far from an odd multiple of at 5 meV collision energy; a similar anomaly was found in electron
scattering by CGl These results should stimulate further theoretical development. By contrast wjt@¢5E
offers an example of a system with a large negative scattering length. Data are analyzed to reveal a strong
virtual state effect at low collision energy, similar to €0ut with a considerably greater cross section. The
s-wave phase shift falls as energy drops and both this andgtvave phase shift follow the precepts of
effective range theory. It is proposed that the strong virtual state effect may act as a gateway to attachment
through collisional or radiative stabilization of long-lived anions, with implications for both man-made and
natural plasmas.
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[. INTRODUCTION den at the low impact energies which concern us 262
] and an electron is eventually emitted.

Scattering and attachment of low-energy electrons by For other molecular species, the nonadiabatic electron-
molecules display a variety of fundamental quantum phemolecule potential may not be sufficiently deep to contain an
nomena such as virtual state scattering, giant resonancesiectronically bound negative-ion state. Scattering may then
Feshbach resonances, and shape resondie& In the proceed via the single channel of virtual state scattering, as
present work, we study electron collisions with (S&d demonstrated recently for GQ1]. For a significant virtual
CgFs, concentrating on the very-low-energy range of so-state effect, there should exist a nonstationary state of the
called “cold collisions,” below 100 meV impact energy, in negative ion which resides 1-2 eV, or generally even lower
which the de Broglie wavelength of the electron is veryin energy, above the zero of energy of the neutral species. In
much greater than the size of the tarfEd,11). the presence of the virtual state effect, long lifetimes of the

Both SK, and GFg attach electrons forming transient TNIs may result for larger molecular species through cou-
negative iongTNIs) with lifetimes of severajs for GsF, to  Pling of the electron kinetic energy to nuclear motion within
perhaps as long as several ms fog $E2]. The present data the TNI. This is the situation for low-energy electron colli-
furnish an interesting comparison of these two moleculagions With GFe.

scattering systems, where in SE process of attachment . 1heS W‘a’e s”qa_tterin?:Iength is a key qqg_ntity in (r:]harac-
takes place and, in (€, virtual State scattering. terizing cold collisions. From a viewpoint riding on the un-

The manner i which we asign a mechanism siter op TLIbEd AT ave associted wih the mpcing eecton
attachment or virtual state scattering is as follows. Consider: get, bp 9

first the case in which the nuclear nonadiabatic electronyICInIty of the target, either in front of or beyond it. The

. . : distance between the apparent origin of the wave and the
molecule potential contains a bound state, that is, th bp g

. ! Fl’arget is defined as the scattering length and is to some de-
electron-molecule surface connects with an electronicall

bound TNI with | . fth lear f I(3§ree equivalent to the radius of the target that the molecule
oun without any relaxation of the nuclear framework. , ocents 1 the incoming electron. If the apparent origin of

1_'he encounter may then proceed via a process in \_/vhlch_ela Ne wave is in front of the target, then the scattering length is
tic scattering and attachment take place together in an intef5,gjsive: if it is beyond the target, the scattering length is
erendent mann¢i3,14. Th|_s has been described for GCI negative. A positive scattering length is associated with a
in [14] and also takes pla_ce in the present case for[$5). bound state in the potential and a negative scattering length
n contrast to Cg cherrucal .reactlor(dlssocw_\tlve attaqh- with a potential which is insufficiently deep to support a
meny in Sk to form Sk™+F, is thermodynamically forbid- bound state. The present work concerns a pair of systems,
one, Sk, with a large positive scattering length, leading to
electron attachment, and the othegFg; with a large nega-
*Corresponding author. Email address: dfield@phys.au.dk tive scattering length, leading to virtual state scattering. The
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study of these two molecules is essentially similar to tracing Detection Optics ""°‘;‘e‘:i"'::“°“
the behavior of a system as, through a theoretical construc-

tion, one allows a bound state in the interaction potential to
rise, passing through zero energy, and move into the con-
tinuum, by making the potential increasingly shallow. In this
sense, the present work echoes work in cold atom collisions
involving magnetic tuning of the scattering lengttD,17].

At the low energies studied here, collisions tend to be
dominated by thes-wave, with somep-wave involvement, Channeltron
and by the asymptotic behavior of the scattering wave func- hv
tion for these partial waves, as manifested through the phase
shift. To pursue the comparison of §&nd GFg, we there-
fore derive phase shifts for the scattered electron parti
waves. Theory is explicit on the issue of how these phas%

shifts should beh_ave as a function of energy, §1f]. For ber containing the target gas. Transmitted electrons are detected at
systems supporting a bound state, such ag ®h large ¢ channel electron multipligchanneltro situated beyond some

positive s-wave scattering length, the-wave phase shift  fher electron optics. The apparatus may be immersed in an axial
should rise towardsr (or some odd multiple ofm) with  magnetic field of 21073 T.

decreasing collision energy. In virtual state scattering, such

as in GFe, with a large negativeswave scattering length, vestigation are those for attachment cross sections in the few

thes-wave phase shift should by contrast fall with decreasin .
energy[1]. These results are based on highly idealized modgrlnev to tens of meV energy range, obtained from electron

potentials, for example a square WgLB], with structureless swarm dat416], Rydberg atom collisional data, e.f12,21,

spherical targets. As we find below and as we have seen i%nd in particular thelasey threshold electron spectroscopy
previous work on CQ[1], benzeng2], and CC} [14], the method developed by Chutjian and collaboraf@3-25 and

essence of the physics turns out to be preserved to som'@':omp and collaborator$26-29 (see Sec. IVC L Total
o phy . P : Stattering data for SFat low impact energies, the data re-

degree within even such rudimentary quantum scattering de- .
ported here, are by contrast very scarce. There exists only

FIG. 1. A scale diagram of the apparatus. Monochromatic syn-
<fhrotron radiation from ASTRIGhv) enters a photoionization re-
al. L .
ion containing Ar. Photoelectrons, expelled by a weak electric
eld, are focused by a four-element I€/38] into a collision cham-

scriptions. . .
The general process which we study involves electron a"® other study which reports data in the energy range of
interest[30].
tachment, Turning to GFg there are again numerous studies con-
e+M—->M" M=SE. C.F 1 cerning GF¢~ formation for very-low-energy electron im-
1] 61 6! 61 ( ) 6

L pact or in collisions with Rydberg atoms. Relevant data may
whereM™ eventually decays to the parent plus a free elecye found in[12,24,31-3% Recent total and elastic electron
tron, or may be stabilizebr de_tache)jby co_II|S|on with the scattering data may be found [85,36. There are, however,
wall of the vacuum chamber in the experiment, or by other,, gata in the literature in the very-low-energy regime for
means(see Sec. Y. The TNIs may transiently access Statescomparison with the present work.

of the system in which the excess energy is distributed into
motion within the nuclear framework, through electronic to
_nU(_:Ie_ar kinetic energy transfgr. Thus the anidvs _ will Ill. EXPERIMENTAL METHOD
incipiently lower their electronic energy by channeling elec-
tronic energy into nuclear kinetic energy with accompanying The experimental system has been described in detail in
rearrangement of the nuclear framework, as in low-energy1,37] and is briefly outlined here. A schematic diagram of
electron scattering in CQor CS, [1,7]. The nuclear motion the system is shown in Fig. 1. Synchrotron radiation from the
accompanying this process may be coupled, in the prese®STRID storage ring at the University of Aarhus is focused
larger species, into the bath of inactive vibrations throughinto a cell containing Ar . Radiation is tuned to an energy
“intramolecular vibrational relaxation(1VR) [12,19. Even-  two to three meV above the threshold for photoionization of
tual recurrence of the energy into the initial mésjewill Ar at 15.759 eV(78.676 nm[39]). The energy resolution of
cause detachment for bothsfeg and Sk. However, as we the photoelectrons is determined by the resolution in the pho-
have outlined above, the overall process fgF&may be  ton beam via the performance of the beamline monochro-
viewed as elastic scattering via a virtual state, whereas fomator [37]. The resolution used in the present work varied
SF; the system undergoes attachment, but without chemicdletween 0.9 and 1.25 meV full width at half maximum.
reaction. Electrons are formed into a beam and pass through a room-
temperature sample of gbr CgF¢. The intensity of the elec-
tron beam, in the presence and absence of target gas, is re-
corded at a channeltron as a function of electron energy. The
Electron scattering and attachment ing@d GFg have  cross section for electron-molecule encounters is derived via
been the subject of a very large number of investigations irrr;=(NI)™t In(Iy/1,), whereN is the target gas number den-
recent years. A comprehensive review of the work involvingsity, | is the path length in the gas, aihglandl; are, respec-
SK; may be found in[16]. Data relevant to the present in- tively, the intensities of the incident and transmitted electron

Il. PREVIOUS WORK: SF ¢ AND CgFg
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beams. This yields the variation of the total integral scatterdrifts typically a distance of 1 mm in @s. The most recent
ing cross sectiongr;, where “total” refers to all events, elas- estimates, from Rydberg collisional data, suggest that for the
tic, inelastic, and reactive, and “integral” refers to integrationlowest collision energies the TNI lifetime for the;kg™ spe-
over the full 4 sr. cies may extend into the range which would cause electron
In independent measurements, an axial magnetic field dieam losg12]. We find, however, no evidence this in our
strength~2x 1073 T is introduced. Under these conditions, C¢F¢ data, as we discuss in Sec. IV D.
electrons which are elastically scattered into the backward By contrast, we make the assumption in our subsequent
hemisphere are recorded as lost to the incident bgfh  analysis that S§, formed in the attachment channel below a
The scattering process imparts to these electrons velocities few tens of meV impact energy, is sufficiently long-lived that
the x andy directions, assigning thedirection as the axial the formation of all such species leads to loss of detected
direction. As the backward-moving electrons pass througlturrent. Thus we assume that when an electron has attached
the lens system, they encounter transverse electric fields, to SF;, the TNI does not autodetach at sufficiently early
and E,, around the boundaries between the lens elementsimes that the free electron would pass through the exit ap-
The resultingE X B force causes a trochoidal deviation in erture of the collision chamber. This assumption is strongly
their paths and these electrons are lost by collisions wittsupported by the considerable, if discrepant, literature values
elements of the apparatus. Electrons that are forward scaft2,43 (and references thergifior SF; lifetimes. The most
tered are picked up by the axial magnetic field and are@ecent work suggests lifetimes between 20 [43]—which
guided onto the detector. These electrons do not thereforeeem too short to account for observations, for example, in
contribute to the measured cross section. The influence ¢6,26,44—and~10 ms[12]. In connection with the above
long-lived TNiIs is discussed in the section below. discussion, the trajectories of the product ions are not mate-
The absolute electron energy scale is calibrated by obrally affected by the weak magnetic field in the system. In
serving the peak in thé\; 2l 4 resonance around 2.44 eV. addition, the small average solid angles subtended by the
Results inf[40—-47 indicate that the peak recorded in the total apertures in the collision cell ensure that a negligible fraction
cross section at-2.44 eV is a good energy calibrator for of negative ions escape from the cell, in the presence or
both total and backward-scattering data, and thus for experabsence of the magnetic field.
ments with and without the magnetic field present. We assign On the basis of the above discussion, in the presence of
an energy of 2.442 eV to this peak, this figure being thethe axial magnetic field, for SFthe measured cross section,
average of the values of 2.444 and 2.440 eY4i@] and[41], o1, records the elasticand inelastig backward scattering
respectively. Discrepancies between therdsonance energy cross section, into the backwardr Zteradians, plus the in-
and electron energies estimated from potentials in the systetegral cross section in the attachment channel. Hence for
lay typically between 10 and 70 meV, and did not vary sig-SF;, aT,B:ag'v'”e'wf‘“. For GiF¢, the recorded cross section
nificantly over the course of many experiments. In the energyepresents elasticand any inelastic backward scattering.
regime of a few tens of meV, reported values of electronCross-section measurements in the absence of the magnetic
energies are accurate to between +1 and =2 fiV37. field record the sum of the integral elastic, inelastic, and
Uncertainties in the reported cross sections arise fromattachment cross sectionsy, =0+ o2 for SF; and the
sources including pressure measurements, random fluctumtegral elastic and inelastic cross sections fgF{
tions in the electron beam intensities, and uncertainties in The inelastic processes mentioned above may involve
calibration of the path length of the electrons through theboth vibrational and rotational changes. Vibrationally inelas-
collision cell. These uncertainties correspond to an error ofic events are readily discernible in the data presented here
+5% (one standard deviatigin the quoted cross sections at for SK; (see Sec. IV A Rotationally inelastic scattering is of
all energies for scattering in the presence or absence of theery low cross section, since the molecules do not possess
magnetic field, save at the very lowest energies in the abpermanent dipole moments and there is no quadrupole mo-
sence of the magnetic field for which a figure of 8% is ment for Sk. Quadrupole induced transitions inyfg are of
appropriate. very low cross sectiofi20] relative to the cross sections re-
corded here.

Contributions to measured cross sections IV. RESULTS AND DISCUSSION

We refer first to experiments involving thex2103 T
axial magnetic field. When electrons attach to the target spe-
cies as in the present experiments, the TNIs may be suffi- Experimental data for scattering cross sections fog SF
ciently long-lived that they drift out of the line of sight de- (purity >99.5% are shown in Fig. 2 in the absence and in
fined by the entrance and exit holes of the scatteringhe presence of the axial magnetic field. Integral scattering
chamber. A long-lived TNI will be lost at the wall of the cross sections have been recorded up to energies of 1 eV.
interaction chamber, 15 mm distant, or the electron may deThe present data agree with the recommended valugsjn
tach before this is achieved. In either case, once a sufficientithin better than 5% throughout the range 0.1-1 eV. At
drift has taken place, the experiment will record a loss in thdower energies, the only available data for comparison are
transmitted electron current. Since the exit aperture of théhose of[16,30, which are in excellent agreement with our
collision chamber is 3 mm in diameter, a drift®fl.5 mmis data at 0.1 eV and above, but tend progressively to be some-
sufficient that such a loss be recorde@Fg, for example, what lower at energies below 0.1 eV, at worst 18% lower at

A. Experimental results for SFg
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FIG. 2. Sk referring to data on the 0-0.5 eV energy scale. F|G. 4. 5%;0;?""19' (upper set and backwardrg""‘e' Cross sec-
Upper set: the sum of the integral elastic, inelastic, and attachmenions (lower sej for scattering of electrons by $Rs a function of
cross sectionsgy,, measured in the absence of an axial magneticelectron impact energy. Errors in the cross sections are +8% in
field, between 14 and 500 meV. Lower set: the sum of the elastit;ff"ine' at the lowest energies, falling to +5% at energies above
backward scattering cross section, into the backwardt2radians, ~20 meV and +5% in a|b-g':ine'_ The solid lines show fits to these
and the integral cross section in the attachment chainrg, ob- data, discussed in Sec. IV C 2.
tained in the presence of the axial magnetic field, between 5 and

500 meV. The inset shows a blowup of the two data curves in the . L .
. . . . . ence of the axial magnetic field. Integral scattering cross sec-
region where the influence of inelastic events may readily be

discerned tions have been recorded up to energies of 9.75 eV and may
' be obtained on request. The only data for which direct com-

. o parison can be made are thosg 86]. Data between 2.9 and
the lowest energies recorded [80] of 36 meV. This dis- g 75 ey agree within a few % with those reported here.

crepancy probably arises through the considerable diffiCU|t¥|owever, at lower energies, increasing disagreement is en-

in measuring the very low pressures required in those expergqoyntered. Values of the integral cross sectiof8| remain

ments, as mentioned {80]. _ _ approximately constant at around 36 down to the lowest

_ Data in the inset to Fig. 2 show the influence of vibra-energy recorded of 0.6 eV, whereas our values rise quite

tional excitation associated with they IR-active model at rapidly and at 0.6 eV achieve a figure of 108 f45]). This

117 meV [40,42. These data serve as a useful additionalyiscrepancy is compounded by the fact that in the same pub-

absolute energy calibration since the Born-type process of jication [35], the authors report total integral scattering cross

excitation has an onset at thresh2]. sections for SEwhich agree with the recommended data in
[16] and thus with our data, down to energies of 0.6 eV.

B. Experimental results for CgFg

Experimental results for cross sections fofFg (Aldrich, C. Discussion of Sk data

>99.5% are shown in Fig. 3 in the absence and in the pres- 1. Extraction of elastic-scattering data

900 Measurements have been made elsewhere of the variation
s00 L3 of the cross section for attachment of electrons tg, 3fth
L an energy resolution comparable to that in the present experi-
T 700 % 3 ment[16,26,44,4% Recollecting that data in Fig. 2 represent
%, 6001 3 o=t M g8 (upper set and org=0g"™+ 0" (lower
< 500 { sel, subtraction of attachment data [26,44,46 from our
'§ 400 -§-‘ data in Fig. 2 effectively yields the elastic cross sections for
”’é 300 : both integral and backward scatterifdj/]. In this connec-
& a00 & L tion, vibrational excitation is weak below thg threshold at
i 95.4 meV(see Sec. IV C R The resulting cross sections are
100 ¢ shown in Fig. 4.
0 bbb

In performing this simple subtraction, we implicitly adopt
the model that there are essentially two groups of lifetimes
involved in encounters of electrons with SBhort lifetimes

FIG. 3. GiFs: Upper set: the sum of the integral elastic and (€-9-< @ few us) associated with elastic scattering and long
inelastic cross sections measured in the absence of an axial mafetimes associated with attachment. Thus we assume that in
netic field, between 15 and 500 meV. Lower set: the elastic andne presence of the magnetic field we obtain the backward
inelastic backward scattering cross section, into the backward 2 Scattering cross section on subtraction of the attachment
steradians, obtained in the presence of the axial magnetic field;ross section, without any contribution associated with long-
between 14 and 500 meV. lived TNIs. This assumption is nicely borne out by the ratios

0 0.1 0.2 0.3 04 0.5
Energy (V)
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of the backward to integral cross sections further discussed at T
in Sec. IV C 2. o =P[4_€%_36ﬂ (6)

2. Analysis of elastic scattering data: $F Since onlys-wave attachment is allowed;=1 in Egs.

We set out to extract the andp- wave phase shifts from (2)~(6) and values of, may be trivially derived, using Eq..
the experimental data in Fig. 4. The theory of collisions ex(6), from experimental values of the attachment cross section

-~ : : ; 14,16,44,46. We note thate;=1 represents a limiting de-
hibiting both reaction and scattering has been described iff16.44, 1~
[13,14. The electron-molecule system is treated for elasticscrIIOtIOn of the encounter, since the LUMO_ of 58 not
trictly pure A,y but may possess some admixtures of sym-

scattering and reaction in a central force field, that is, W'.thougwetries which may allow a wegi-wave interaction.

referer_me_ to structure in the target. Thus the target is viewe Equations(3)—(6) exemplify the interdependence of reac-
as pointlike to the incoming long-wavelength de Broglie e ang scattering channels, sineg derived from attach-
wave. Vibrational populations in the target lie at the few % nent data, appears in the expressions for elastic scattering.
level at 300 K and are neglected in the subsequent analysigh;s interdependence is introduced at the most fundamental

A large number of theoretical calculations, reviewed injeye| via the scattering amplitude and is essentially expressed
[16,48, with some recent additional calculations inin Eq. (2). This feature arises despite the fact that the two
Tachikawa[48], show that the lowest unoccupied molecular channels are very different in aspect, in the one case with the
orbital (LUMO) of SF; is 6a;4. Thus SE has an electronic output channel characterized by a free scattered electron,
ground state?A;q, the negative ion maintaining the octahe- with a short scattering state lifetime, and in the other associ-
dral symmetry of the neutral. Only threwave has theéA;;  ated with very long-lived SE. The interdependence of these
symmetry of the LUMO under the operations of the octahe-disparate channels, which communicate at whatever physical
dral (Oy,) point group, and therefore only tisavave is active  range, represents a nice example of the peculiar nature of
in attachment. guantum scattering.

Following [14], we use the standard expression for the The above expressions may now be used to derive phase
scattering amplitud@49], and write theS matrix, S, for the  shifts fors- and p-waves for the elastic-scattering process in
Ith partial wave, in the form the presence of attachment, thus characterizing the collision

d- _ process. We seek to fit simultaneously the integral and back-
= €exp(2in), (2 Ward elastic scattering cross sections in Fig. 4 by choosing a

whereg are scattering matrix elements for attachment in thesuitable set os- and p-wave phase shiftsy, and 7, versus
angular momentum representatid]; thuse, may be iden-  electron collision energy. This is achieved by expressing the
tified with |S3| in [50]. ¢ essentially dictate the relative im- phase shifts as polynomial expansionjrand varying the
portance of reaction and scattering as a function of energyoefficients of this expansion, as described[1f Expan-

The cross section for elastic scattering, including aalgnd ~ Sions up tok® are adequate to extract values gf and 7,
p-waves, may then be shown to be within the accuracy of the experimental data.

Fits were performed up to 85 meV, avoiding the Raman-
activev,; mode at 95.4 meV, which has a strong influence at
threshold on the scattering behavior ofsSiR inelastic, elas-
302 tic, and attachment channgls5,26,42,43 and as we discuss

+3zwyl, S further below. Results of fitting are shown in Fig. 4, which
where the cross section is evaluated between any chosél¢monstrates that a good fit may be achieved with Efs.
angles ¢; and 6,, where z is co®, x=sin2y, w=1 and(5) within the chosen energy range.andp-wave phase
- €C0S2y, wherel=0 or 1, fors- and p-waves, respective|y' shifts corresponding to the fits in Fig. 4 are shown in Fig. 5.
and the azimuthal angle has been integrated kus the  The analysis does not allow the determination of the sign of
magnitude of the wave vector, wheke 2E (atomic units, the phase shifts, but determines that they both possess the
fi=m=e=1, are used throughout unless indicated othenwise Same sign. A positive sign is adopted. To any value of the

It follows that the integral scattering cross section is givenPhase shift one may also arbitrarily add any odd multiple of
by [13,14 7. Thes-wave phase shift rises as energy falls, as was found

for electron collisions with CGI[14] and as expected for a
system possessing a bound state in the potential governing
the collision[18]. The ratio of scattering to reaction cross
@) section is a governing factor in the detailed behavior of the
s-wave phase shift with energy. This ratio becomes constant

Oglastic— 2_7;2[620)((2)2 +37 €0€1XpX T 3235%)(% + WSZ + 3ZZWOW1

elastic %[1 + € — 26,C0S 275+ 3(1 + € — 2¢,c0s 27;)]

and the backward scattering cross section by within experimental error between 50 and 80 meV, and this
is reflected in the constancy af, in this energy range, as
gastic= 12{1 + &+ €,C0527, seen in Fig. 5. _ - .
2k A serious difficulty is encountered in understanding the

. . . . tt
+ - €coS2 — cos _ 5 s-wave phase shifts shown in Fig. 5. Sina€" tends to a
€1~ 100527, ~ egercOsTono = )]k (B) finite value as the energy tends to zero, tlegmust tend to

The integral attachmenfor reaction cross section is unity as the collision energy approaches zero. It then follows,
given by for internal consistency, that the phase shift must tend to an
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FIG. 5. swave (solid circley and p-wave (open circley phase FIG. 6. Sk: the ratioR of the backward scattering cross section

shifts fore™+SF; elastic scattering derived from fitting procedures, t the integral scattering cross section obtained from data in Fig. 4,
applied to data in Fig. 4, described in Sec. IV C 2. Errors in the@s & function of electron impact energy.
phase shifts are5%.

odd multiple of = at zero energy. However, our derived those in[14], are in contrast to single-channel scattering in
s-wave phase shifts do not show this. Very similar be_haV'OCGFB, Sec. IV D 1, which exhibits regular effective range be-
was found for the analogous case of coupled reactive anfly iy To underline this distinction between single- and
elastic scattering in CGI[14]. One explanation may be that coupled-channel scattering, we have imposed the condition

the very-low-energy regime, which should shey— 7, lies . 5 . .
below a few meV collision energy, a regime which we ar _that 7, varies ak” below 30 meV in analyzing the lata

unable to probe. Alternatively, and in addition, our analysis is" F19- 4- When this restriction is applied, it is found that it is
based on a purely electronic description of the interaction, if!® /onger possible to find a set sfandp-wave phase shifts
which there is no coupling between electronic and nuclealVhich fit both backward and integral elastic cross sections to
kinetic energy in the asymptotic input and output channelswithin the experimental error in our data. This is in contrast
The anomalous behavior of tisewave phase shift in Fig. 5 10 the first shown in Fig. 4.
may represent the breakdown of this purely electronic model As we have just noted and as describedl4], one can-
at the low energies encountered here, with coupling betweeRot strictly consider elastic scattering independently of at-
the electronic and nuclear degrees of freedom. In this caséachment because of the coupled nature of the scattering.
this would be principally through the, breathing mode, as Nevertheless, it turns out to be instructive to consider the
discussed in detail, for example, j&9] for nondissociative ratio of the backward to integral scattering cross sectiyn,
electron attachment to §F in SK; using data in Fig. 4. This ratio is shown in Fig. 6 as a
We can, however, show that our data do not exclude théunction of electron impact energy. A useful check on our
result that thes-wave phase shift may approa@has energy data is that the ratio tends to 0.5, within the errors, at zero
tends to zero. The attachment cross section at an impact eanergy. This provides good evidence that the cross section
ergy of 0.1 meV has been measured to be 761744,44, measured in the presence of the axial magnetic field is the
yielding €,=0.9677. Extrapolation of the elastic data in Fig. backward elastic scattering cross secfiiafter subtraction of
4 to zero energy suggests a limiting integral cross section ahe attachment contributignwithout any significant contri-
between 1000 and 2000%Alf we insert these values into Eq. bution from Sk~ of lifetimes longer than-7.5 us. The very
(4) and usen,=0.0087, the value obtained by fitting at rapid rise below 30 meV from strong forward scattering with
8 meV, we then findyy,~ (7—0.09+0.01 for a collision en- R~0.175 to much more nearly backward-forward symmetric
ergy of 0.1 meV, that isy, is very close to an odd multiple scattering is reflected in the sharp drop in freave phase
of m. shift in this energy rangérig. 5). Strong forward scattering
The variation of thep-wave phase shift at low energy persists up to the energy for the threshold derexcitation.
provides further evidence that we are dealing with a coupledAs described in42], interactions involving the; Raman-
channel scattering problem rather than with a single-channelictivea;y mode, at 95.4 meV, take place through theave
problem. Single-channel scattering is well-described byattachment channel, the molecule expanding as the anion
modified effective range theoMERT [51]), especially at forms, mimicking thea,4 breathing vibration. This enhances
energies as low as a few tens of meV. MERT requires that théhe s-wave scattering channel, and the raflaises sharply.
p-wave phase shift decrease approximately linearly with enThe vibrational resonance at a threshold of 117 meV, corre-
ergy at low energysee Eq(9), Sec. IV D 2. Linearity is not  sponding to thevs t;, IR-active vibration(see the inset to
encountered in the variation of tipewave phase shift shown Fig. 2), involves impulsive excitation by, , on the input
in Fig. 5. Similar behavior to that in Fig. 5 was found for the channel and s-waves on the output channel, or vice versa
variation of thep-wave phase shift with energy in the case of [42]. The net result appears to have little influence on the
CCl, [14], in which attachment also takes place and whichvalue
again is a coupled-channel system. The present results, aof R.
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assess since experimental values of the adiabatic electron
affinity range between 0.5 and 0.8 ef33,53-5%. This
spread of values may be compared with the theoretical value
of ~0.35 eV in[52], small differences in zero-point energies
apart.

1. Analysis of elastic scattering data: E¢

Proceeding on the basis that the scattering is virtual state
n nature,s- and p-wave phase shifts are derived below. The
method of analysis is essentially the same as for electron
. scattering by CQ[1]. We assume that andp-partial waves
0 0.05 0.1 0.15 0.2 make the principal contribution to the scattering, a good ap-
Energy (¢V) proximation at low energies. We have, however, included
d-waves to check that the contribution is indeed very small.
C‘[he assumption is also made that the long-range interaction

FIG. 7. 1, GFe: the ratio R of the backward scattering cross

section to the integral cross section as a function of electron impa otential of electrons with is spherically svmmetrical
energy, obtained from data in Fig. 3. The line through the experi-p : with & is spherically sy

mental data has been drawn to guide the eye. 2, the variation of ﬁ;ee_: ff’llso Sec. IV D)2 This approximation breaks down at
for CO,; see[l]. 3, the variation of R for gDy see[2]. 4, a sufficiently long range due to the angle-dependent charge-

theoretical estimate of the variation of R fogids; see[2]. permanent quadrupole interaction. Using a value of the quad-
_ _ rupole moment of -5+0.25 a.{56,57, one may show that
D. Discussion of GFs data the quadrupole interaction becomes comparable with the

We treat electron interactions withyE; as scattering viaa charge-induced dipole interaction at a range €50 a.u.
virtual state. In this connection, we see no evidence in ouBince this corresponds to a cross sectior-8400 A2 which
data for beam loss due to long-lived TNIs in the presence ofs considerably larger than cross sections measured(beee
the axial magnetic fieldas mentioned in Sec. )l despite  Fig. 3), the assumption of a spherically symmetrical potential
the long lifetimes of at least 200s reported for 10—15% of is acceptable. Thus, without any additional assumptions
CsFs TNIs [12]. This is demonstrated in Fig. 7, which shows about the radial dependence of the electrgfgGnteraction
that the ratioR tends to 0.5, within experimental error, as the potential, the elastic scattering cross section integrated be-
electron impact energy tends to zero. Hence cross sectiom&een the two angleg;, and 6, [58], including only terms for
measured in the presence of the axial magnetic field are pute=0, 1, and 2, may be expressed as
backward scattering cross sections.

The cglculations of the_: poteptial energy surface fgFLC o(6y,0,) = 2_727{b02+ 322< boby + %)
reported in[52] show that if GFg~ retainsDg, symmetry, the k 4

TNI is then unbound relative to {Eg. The 2A1g state of the -

TNI, which is the ground state of the anionly, symmetry, +52(2% - 1)<b0b2+ ﬂ) +3b, 7
(without any nuclear rearrangemgnts calculated to lie 4

56 meV above the energy of the neutral. We propose that the 25 (92

electron is captured directly into this unbound state and is +zbz(?—223+2)

eventually expelleddetachedl via this gateway. Hence the

conditions for scattering are those of virtual state scattering. 15 2 37 ciG, )\ | %

In the interior region in which long-lived &~ dwells, con- A \bab+ == )1 (@)

siderable coupling takes place between electronic and
nuclear motion. Using the calculation jB2] as a guide, the wherez=cod, b,=sirf7, andc,=sin2s. For backward scat-
s wave enters to form th%fxlg state of the TNI, as suggested tering, 6,=7/2 and #;=, and for integral scattering},=0
above. Electronic-nuclear coupling distorts the nucleaand 6;=.
framework in the absence of electronic degeneracy through In order to extract phase shifts, we have expressed these
so-called pseudo-Jahn-Teller coupling. This acts via thes expansions ik, as in analysis of the f{Fdata, Sec.
e,, C—H and C-C-C bending vibrations and transforms thelV C 2. As in SK;, expansions up tk® are adequate to extract
system into theC,, and D, states. These are, respectively, values of 7y, 7;, and 7, within the accuracy of the experi-
bound by 356 and 347 meVy52] and are the two most mental data. The coefficients of powers of k in expansions
strongly bound states of the anion. Various other geometriefor s- and p-wave phase shifts have been varied so as to
within the potential surface are also boufiéble 3 of[52]) reproduce as closely as possible our experimental data on a
and the overall picture is one in which there is substantialeast-squares basis, using E@). This simple fitting proce-
phase space associated with electronic bound states accodure, “partial-wave fitting,” yields a set of absolute values of
panied by rearrangement of the nuclear framework. We res- and p-wave phase shifts, module, as a function of im-
turn to this when we discuss the vibrational states of thepact energy. In order to limit the inaccuracy associated with
target in Sec. IV D 3. inclusion of only low partial waves, data were fitted to ener-
In connection with the above discussion, the absolute aagies no higher than 50 meV. Fits are shown in Fig. 8 and the
curacy of the energies of states recorde{b is difficultto  corresponding phase shifts in Fig.dBwave phase shifts, not
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900 1 CsFg encounters, a necessary condition for virtual state scat-
800 £ tering. The approximation is introduced that the long-range
~ 700§ part of the interaction potential between the electron and
ﬁE 600 £ CgFs may be described by a charge-induced dipole polariza-
o s00 £ tion potential involving some mean static polarizability and
g E varying asr . MERT [51,60 then shows that
§ Yt
% 300 ¢ 4a> ( W&)
: tanyy = — Agk| 1+ | — |K? In(k) | — | — |k®+ Dk3+ FK*,
LI z Ao{ <3 ®{- (75
100 £ (8)
0 Ft—tmu L I et A SR
0 0.01 0.02 0.03 0.04 0.05
Energy (eV) T
tan7]1 = (E) k2 - Alk3 + Hk5, (9)
FIG. 8. GiFg: fits to experimental data obtained using Ed).
Fits are shown as continuous lines, experimental data for integral
cross sections as full circles, and backward scattering cross sections To
as open circles. tann, = ﬁ-} K2, (10

shown in Fig. 9, are consistently an order of magnitude
smaller tharp-wave phase shifts. wherea is the mean static polarizability of{€g (=64.64 a.u.
Results in Fig. 9 show the strong and increasing domi{61]). Equations(8)«(10) yield s- and p -wave phase shifts

nance of thes-wave at lower energy. Thus at 50 meV impact which, inserted into Eq(7), yield integral and backward
energy, thes-wave contributes 94.5% of the integral crossscattering cross sections. Calculated cross sections could be
section, a figure which rises to 99.5% at 15 meV energy. Theaccurately fitted to experimental data, usidg, D, F, A,
absolute value of the-wave scattering lengt, is given by  and H as fitting parameters. Using a negative valueAgf
k~'tan 7| as k—0. Using data in Fig. 9, we find tha,  excellent consistency could be obtained between integral and
=|24.6+0.6 a.u., corresponding to a limiting value of the packward scattering data, essentially as in Fig. 8. The value
cross section ak—0 of 2130100 &. The virtual state, of A, is found to be —22.9 a.u., 7% lower than in the “partial
associated with the nonadiabatic channel for TNI formation,,aye fitting” analysis described above. Absolute values of
lies at an energy given b(2A%)=22.5+1.0 meV above computed s-wave phase shifts are typically within 1%, or
the zero of energy for the neutral spec[&8]. This figure  petter, of values computed using partial wave fitting, de-
appears in good agreement with the theoretical energy esticribed in Sec. IV D 1. This comparison also shows that we
mate of 56 meV ir{52], given the complexity of the molecu- are not in a regime in which there is strong correlation be-
lar system involved. This agreement may be somewhat temweens- andp-wave phase shifts, which would suggest that
pered by the subsequent discussion of the vibrationahese phase shifts could not be independently determined.
populations of the targgSec. IV D 3. The relative values of individual terms in the MERT ex-
pressions, Eq¥8)—«10), show that analytic terms dominate,
at any rate at lower energies, and that terms in higher powers

f k , involving the fitting parameteid, F, A;, andH , make

n increasingly lower contribution at lower energy. Thus we
have a convergent seriesknin particular, thep-wave phase
038 1 shift remains positive throughout the range of energies con-
: sidered. The p-wave phase shift also follows the theoretical
prescription, shown in Eq9), that it should vary linearly

2. Determination of the sign of the s-wave scattering-length
for C6F6

We now describe how our experimental data may be use
as good evidence that the sign/Af is negative in electron-

0.7 —E ..'.....uno-.oo

’g 0.6 _,..-"" with energy at the lowest energies, as shown in Fig. 9.
3 05 4 : Returning to Fig. 7, this shows a comparison of the ex-
S 04- perim_ental beha\_/ior of the rati@ for C¢Fg, CO,, and GDe,
& : including theoretical values for &g [2]. CO, and GDg are
i 031 systems which show well-characterized virtual state scatter-
o021 ing [1,2], and the behavior oR with energy is evidently
o1 4 . similar to that for GFg, suggesting a common mechanism
g °,,,‘,,.,,..,.,.mn..,,,..,\,...,....,......,.,-«e“ for scattering for all three species. In fact, it was showfiin
L NI that if the variation with energy of the ratiB rises from
0 0.01 0.02 0.03 0.04 0.05

Energy (eV)

below 0.5 towards 0.5 at the lowest energies, thgmust be
negative for the pure elastic-scattering case. Note that this is

FIG. 9. CBFG: s-wave (SO“d Circ]eg and p-wave phase shifts Valid Only in the regime in Wh|Ch the dominant terms are the

(open circleg for e +CgFs scattering derived from fitting proce- analytic terms in Eqs(8)«10), that is, ignoring terms in-
dures described in the text. Errors associated with the phase shifelving D, F, A;, andH. This condition is met in the case

are +5%.

of negative A, at energies below 30 meV. In this energy
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regime, R rises towards 0.5. We conclude, therefore, thattaking place at considerably longer range than assumed in
Ap=-23.75%1.0 a.u. to include the range of values obtainedec. IV D 1 and IV D 2. Thus the analysis presented in those

by both partial wave and MERT fitting. sections may need development to include effects of the
To examine further the case fég negative for GFg, we  long-range anisotropic electron-quadrupole interaction.
have attempted to fit the{€s experimental data with a posi- A further process that can operate is that of superelastic

tive value of Ay. Such a fit may be obtained numerically. scattering. Consideration of level populations rules out any
Terms involvingD, F, A;, andH, however, make the domi- significant contribution from scattering involvirggwaves in

nant contribution to the phase shifts even at the lowest eneboth input and output channels, since this involaggvibra-

gies around 15 meV , and no fit to the experimental data isional populations which amount to no more than 1.4% of the
possible without these terms. Tipewave phase shift is in total. If we admit ans-wave on the input channel and a
fact found to be negative throughout the energy range bep-wave on the more energetic output channel, then superelas-
cause of the dominance @k® [Eq. (9)] whereas analyti- tic scattering fromay, (at 27 meV\f and e;, (at 39 me\j

cally, that is, omitting the empirical terms of higher order populations is symmetry-allowed either by direct Born-type
than k?, 7, should be positive. Thus attempts to fit with a scattering—since both transitions IR-active—or via the
positive value of thes-wave scattering length result in un- ground-state TNI. The Born process will not contribute more

physical behavior. than a few R. Scattering via the TNI is also unlikely to be
o _ significant because of the small amplitude of pr@ave con-
3. Vibrational populations of the targetCgFg tribution, and small associated phase shifts, at the low impact

An additional consideration for analysis oG data is €nergies involved here.
that only 21% of the target species occupy the vibrational
ground state of the molecule at 300 K. The most heavily V. CONCLUDING REMARKS
populated vibrational levels belong to they, and ey
C-C-C bends, respectively 18% and 12% of the total popu- Our conclusions are as follows.
lation, e;, C-H bend(9%), and a variety of other motions, (i) Sk and GFg show qualitatively different behavior
Doy, @y, €14, andby,g, at the 6-7% level62,63. There have  with respect to the variation afwave phase shift with elec-
been a number of studies of temperature effects in electrotmon impact energy close to zero impact energy. This is asso-
collisions with GFg summarized in[64], which might in  ciated with a large positive-wave scattering length for 3F
principle give some indication of the effect of different vi- and a large negative value forks.
brational populations. The energy range of data reported in (ii) Data for S may be analyzed in terms of a combina-
[64] does not extend below 100 meV . At this energy there igion of electron attachment and elastic scattering. Within the
a trend for the measured attachment cross sectmmshey context of a purely electronic description of the scattering,
are termed irf64]) to drop with increasing temperature, fall- phase shifts may be derived which show thaave phase
ing by a factor of 1.6 between 300 and 575 K. shift rising with decreasing energy. This is analogous to the
Nonadiabatics-wave attachment te,, vibrational popu- behavior found for CGI[14].
lations of the target is symmetry allowed if the TNI forms in  (iii) Our results are in qualitative agreement with the pre-
the ?E,, state. According tq52], this state lies 528 meV cepts of theory, as set out in numerous textbooks, EL§],
higher in energy than the Iowe%A\lg state. The zero-energy The exception is thas-wave phase shifts, in both §k&and
virtual state cross section is given byr/AE, whereAE rep-  CCl, [14] cannot be shown on the basis of the present data to
resents the energy of the virtual state above the energy of thend towardsm ask—0 . This is a necessary condition in
neutral speciegssee Sec. IV D L Thus capture into théE,,  order to provide a finite cross section ks-0 within a
state would yield a zero energy cross section which is mor@urely electronic description.
than an order of magnitude lower than capture intozthfg (iv) The derived low-energy behavior af, poses a the-
state. Nonadiabatiswave attachment involving other vibra- oretical challenge: either the experimental energy is too high
tional populations is not symmetry-allowed into low-lying at a few meV to probe the regime in which the phase shift
states of the TNI, which consist only 6A1g and’E,, states.  rises towardsr, or a purely electronic analysis is inappropri-
Thus attachment into the virtual state is dominated by thete at the collision energies involved. At present we use an
vibrationally unexcited population of the target. This sug-asymptotic long-range description of the scattering, which
gests that the cross section for attachment into this populadoes not include any electronic-nuclear motion coupling—
tion may be approximately five times higher than measuredee point(vi) below.
and would correspond to the presence of a virtual state (v) Data for GFg show that electron scattering at very
~10 meV above the zero of energy for the neutral speciedow energy proceeds via a strong virtual state, with the nona-
These considerations may serve to account for the observeliabatic GF¢~ lying as little as 10 meV above the energy of
drop with increasing temperature of the attachment cross sethe neutral. This presents a third example of well-
tion reported in[64]; raising the temperature, from 300 to characterized virtual state scattering, the others being CO
575 K, causes the vibrationally unexcited population to fall[1] and benzeng?].
by a factor of 1.9, similar to the fall by a factor of 1.6 in the  (vi) It would seem likely that many polyatomic systems
measured attachment cross sect{@ah 100 meV. In addi- possess nonadiabatic states of the negative ion, of suitable
tion, if the measured cross sections for scattering arise fromymmetry, at energies a little above the energy of the neutral.
only ~20% of the target species, then interactions may b&hus virtual state scattering may well be common among
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large polyatomic systems. This has interesting implicationghe interstellar medium, in which electron energies extend
which we now briefly mention. Using results {65], the  down to~1 meV.

electronic lifetime of the gFg~ TNI may be estimated, using
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