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Low-energy behavior of exothermic dissociative electron attachment
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~Received 30 June 2000; published 10 January 2001!

We discuss two models for electron attachment to molecules: the Vogt-Wannier model for capture into a
polarization well and the resonance model for dissociative attachment. The Vogt-Wannier model is generalized
for the case of a target with a permanent dipole moment, and results are presented for dissociative attachment
to CH3I. It is shown that the resonance theory should incorporate in this case a weakly bound dipole-supported
state of CH3I2, whereas the generalized Vogt-Wannier theory gives a reasonable estimate for the cross section
in the meV and sub-meV region. The Vogt-Wannier model is also applied to the process of attachment to SF6 ,
CCl4, and C60. In the first case the s-wave capture model provides a satisfactory description of the experi-
mental data for energies below the first vibrational excitation threshold, whereas for CCl4 it underestimates the
attachment cross section by a factor of 2 in the sub-meV region. For C60 we suggest that electron attachment
is dominated bys-wave capture in the region below 2 meV and byp-wave capture in the energy range above
4 meV. Our model reproduces data for Rydberg electron and free-electron attachment observed in beam
experiments. It is, however, at variance with the strong rise of the attachment rate coefficients with electron
temperature observed in flowing afterglow–Langmuir probe measurements.

DOI: 10.1103/PhysRevA.63.022706 PACS number~s!: 34.80.Ht
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I. INTRODUCTION

Dissociative attachment cross sections are very sens
to the details of the electron-molecule interaction and
coupling between the electron scattering channels and
dissociating channels. Exothermic dissociative attachm
~DA! reactions might exhibit very large cross sections at l
energies; however, this region is not well studied theor
cally. Even qualitative aspects of the low-energy behavio
the exothermic DA reaction are not yet well understood. A
cording to the Bethe-Wigner law@1#, for nonpolar molecules
the cross section should depend on energyE asEl 21/2, where
l is the lowest angular momentum allowed by the symme
of the intermediate negative-ion state. However, the coe
cient of proportionality in this law appears to be very diffe
ent in different theoretical approaches. According to
theory of O’Malley @2# and of Bardsley@3# in the local ap-
proximation the cross section is given by~atomic units are
used throughout the paper!

s5
p2

E
GuFCu2s ~1!

whereG is the width of the intermediate negative-ion state
the Franck-Condon region,uFCu2 is the Franck-Condon fac
tor for the transition between the initial state and t
negative-ion state, ands is the survival factor. At low ener-
gies the energy dependencies of the Franck-Condon fa
and of the survival factor are relatively weak, and the thre
old behavior is given by the energy dependence ofG/E
(;El 21/2).

A completely different approach is used in applying t
Vogt-Wannier~VW! model for the capture into a polariza
tion well @4#. It is assumed there that the reaction occurs w
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100% probability if the electron falls into the singularity cr
ated by the polarization potential2a/2r 4. The cross section
depends only on energy and the molecular polarizabilitya,
and in the low-energy region it is given by the simple fo
mula

s54p~a/2E!1/2. ~2!

The original VW result, Eq.~37! of Ref. @4#, was derived
from the theory of Mathieu functions. However, for th
s-wave contribution Klots@5# was able to find a simple ex
pression

s5
p

2E
@12exp$24~2aE!1/2%# ~3!

which fits very well the exact Vogt-Wannier result forl 50
and describes the transition from the low-energy behavior~2!
to the unitarity limitp/2E at higher energies.

The Vogt-Wannier~VW! model seems to be unphysic
in the sense that the actual long-range potential does
have a 1/r 4 singularity. So far a detailed comparison with th
VW limit has only been possible for the molecules SF6 and
CCl4 which are among the few molecules that do not hav
permanent dipole or quadrupole moment and thereby l
themselves to a comparison with the VW model. Both Ry
berg electron transfer~RET! and laser photoelectron detac
ment ~LPA! experiments have yielded experimental resu
down to sufficiently low energies to make a meaningful co
parison with the VW model possible. Klaret al. @6,7# have
used a variant of the Klots formula~3! to describe their LPA
cross sections, measured at sub-meV resolution, by a sim
analytical formula,
©2001 The American Physical Society06-1
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s5
s0

E
@12exp~2bAE!#. ~4!

The product s0b corresponds to the VW coefficien
4p(a/2)1/2 with two adjustable parameters,s0 andb.

Although both Eqs.~1! and ~2! @or ~4!# give the same
energy dependence fors-wave electrons, there is no relatio
between them otherwise. The VW model does not incor
rate the resonance mechanism; therefore there is no r
nance characteristic like a width in their equation.

The situation turns out to be even more complicated
dipolar molecules. If the electron energy is large compare
the rotational spacing~an assumption that holds down
sub-meV energies for relatively heavy molecules!, the Bethe-
Wigner threshold law should be modified@8#. For subcritical
dipole moments,m,mcr50.6395 a.u., the cross section b
comes proportional toEl21/2 wherel is a threshold expo-
nent whose value varies between 0 form50 and21/2 for
m5mcr . The local approximation, Eq.~1!, is consistent with
this modification. However, the VW theory has never be
extended to polar molecules. In addition, the low-energy
havior for scattering by polar targets can be strongly affec
by very diffuse dipole-supported bound or virtual sta
@9,10#. It is known that these states lead to enhancemen
the cross sections. However, there is no theory predic
how big this enhancement is for the DA process.

The present paper studies low-energy dissociative att
ment for several targets. First we extend the VW treatmen
polar targets, and then we calculate the DA cross section
the methyl iodide molecule using three different metho
extended Vogt-Wannier~EVW!, the local version of the
O’Malley-Bardsley theory, and the nonlocal resonan
theory. Then we analyze the low-energy behavior of DA
several nonpolar targets. We show that the VW or the EV
approach might be appropriate at very low electron ener
~below the first vibrational excitation threshold!, where
nonadiabatic capture into a weakly bound state becomes
sible. The local version of the resonance theory is unabl
describe this effect, although the complete treatment of
brational dynamics which incorporates weakly bound sta
~for example, the resonanceR-matrix theory! can describe
both resonant and nonresonant attachment.

II. EXTENDED VOGT AND WANNIER THEORY

The VW theory assumes the absorption boundary co
tion at the origin due to capture into the polarization we
The reaction cross sections r in this case is given by@11#

s r5
p

k2 (
l l 8

~d l l 82uSll 8u
2!, ~5!

whereSll 8 are the matrix elements of the scattering opera
in the angular momentum representation.

The Schro¨dinger equation for a superposition of the dip
lar and polarization potentials allows separation of the v
ables. The wave function can be expanded in dipolar ang
harmonics@12,13# and the radial equation has the form
02270
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dr2
1k22

l~l11!

r 2
1

a

r 4D u~r !50, ~6!

wherek252E andl(l11) is an eigenvalue of the operato
L222m cosu, whereL2 is the square of the orbital angula
momentum. For subcritical dipole moments considered h
l(l11).21/4 andl is real.

The scattering matrix can also be transformed into
dipolar angular harmonics representation where it beco
diagonal. In the low-energy region only the lowest eige
value l makes a contribution to the inelastic cross secti
which can now be written in the form

s r5
p

k2
~12uS0u2!, ~7!

where S0 is the matrix element of the scattering opera
corresponding to the lowestl.

The required solution of the radial equation with th
ingoing-wave boundary conditions at the origin has the f
lowing asymptotic form atr→0:

u~r !;const3rei z, z5a1/2/r 2pl/2. ~8!

The radial wave functionu can be written in terms of rea
functionsf andg

u5g1 i f ~9!

with the boundary conditions

f ;r sinz, g;r cosz. ~10!

At large r, u(r ) can be written as

u~r !5f (2)2S0f (1), ~11!

where

f (6);exp@6 i ~kr2lp/2!# ~12!

at r→`.
For determination ofS0 we need to find the connectio

between two pairs of solutions:f ,g andf (6). As in the Vogt
and Wannier paper, this is possible by using the Math
functions. However, in this paper we will consider the low
energy region where the energy dependence ofS0 can be
expressed through elementary functions. For this purpose
introduce a new pair of real solutionsv (6) which are con-
nected withf (6) by the equation

f (6)5v (2)2
e7 ipt

sinpt
v (1), ~13!

wheret5l11/2. At larger, v (6) behave as

v (1);sin~kr2pl/2!, ~14!

v (2); cos~kr2pl/2!1tanpl sin~kr2pl/2!. ~15!
6-2
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LOW-ENERGY BEHAVIOR OF EXOTHERMIC . . . PHYSICAL REVIEW A 63 022706
The explicit representation forv (6) at k→0 was given in
Ref. @13#:

v (6)5A6
G~7t11!

G~6t11! S pkr

4 D 1/2S ka1/2

4 D 6t

J7tS a1/2

r D ,

~16!

whereG is the gamma function,J is the Bessel function, and
A151, A251/cos(pl).

Using the asymptotic expression for the Bessel functi
at large arguments, we immediately obtain the required c
nection formulas

v (1)5b~g cospl2 f sinpl!, v (2)5
f

b cospl
,

~17!

where

b5
G~12t!

22t G~11t!
~ka1/2!t. ~18!

We have assumed the same arbitrary constant in the de
tion of f andg. Its specific value does not affectS0.

We express nowf andg in terms ofv (6), use the relation
betweenv (6) and f (6), and compare the result with Eq
~11!. Finally we have

S05
1/b2b

1/b1bexp~22p il!
~19!

and

12uS0u25
4 cos2pl

b211/b212 cos 2pl
. ~20!

Note that, althoughb is asymptotically small, the threshol
exponentt might be close to 0, as, for example, in the ca
of CH3I; therefore Eqs.~19! and ~20! should not be simpli-
fied further. In particular, using 12uS0u254b2 cos2pl for
the CH3I molecule violates the unitarity limit even at th
electron energyE50.01 meV.

Note that, for zero dipole momentm, l50, t51/2, and
b25ka1/2 which gives the correct VW limit, Eq.~2!. On the
other hand, whenm approaches the critical valuemcr
50.6395 a.u. we havel→21/2, and Eqs.~19! and ~20!
exhibit an uncertainty of the type 0/0, which should be
solved by using l’Hoˆpital’s rule. Since this case is of n
practical importance, we do not elaborate on it further.

III. RESONANCE THEORY

For comparison of the EVW theory with the resonan
theory we use the resonanceR-matrix approach@14,15# in
which the fixed-nucleiR matrix as a function of internuclea
distancer is given by one diagonal matrix element

R~r!5
g2~r!

W~r!2E
1Rb , ~21!
02270
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whereW(r) is the lowestR-matrix pole andRb is a back-
ground term weakly dependent onr.

The S-matrix elements for DA can be written in the ma
trix form

SDA52p i ~ ũ1!21~11gG(1)gL1!21y, ~22!

where ũ15u12Rb(u1)8, u1 and (u1)8 are the diagonal
matrices of the electron radial wave functions and their
rivatives corresponding to outgoing-wave boundary con
tions in different vibrational channelsn, L15(u1)8/ũ1,
G(1) is the Green’s function for the nuclear motion in th
negative-ion state, andy is the vector of the first-order am
plitudes

yn5^nuguc (1)&, ~23!

wherec (1) is the nuclear wave function describing the m
tion in the negative-ion state.

In what follows we will also consider a simplified versio
of the resonance theory whereby we neglect the oper
gG(1)g in the resonance denominator of Eq.~22!. Using a
known connection@14# between theR-matrix theory and the
Feshbach approach, we can show that the cross sectio
this approximation is given by O’Malley’s Eq.~1!, or the
local approximation, withs51. Since at low electron ener
gies the survival probability is close to 1, we will refer to th
approximation as the local approximation.

IV. LOW-ENERGY ATTACHMENT TO CH 3I

A. Comparison of EVW with R-matrix results: role of dipole-
supported states

In Fig. 1 we present the DA cross section for meth
iodide molecules in the vibrational ground state CH3I (n3
50) calculated using different theories: the Klots fit of th

FIG. 1. Low-energy dissociative electron attachment to met
iodide. Solid curves:R, completeR-matrix calculations; L, local
approximation. Dot-dashed curve: two-channel approximati
Long-dashed curve~VW!: VW model. Short-dashed curve: EVW
model. Full circles: laser photoelectron attachment measurem
obtained for a supersonic beam target@15#.
6-3
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VW result, the EVW~including the dipole moment! result,
the completeR-matrix calculations, and the results of th
local approximation.

First of all we see very large deviations between the d
ferent theories, reaching two orders of magnitude for a fix
energy, with the lowest cross sections obtained with the lo
theory and the highest with the EVW theory. The ener
dependence of the cross section at ultralow energies is d
mined by the threshold exponentt5l11/2. For CH3I t
50.034 is close to zero, therefore both the extended V
and Wannier model and the local theory predict a fast gro
of the cross section approachingE20.965. However, the non-
local results above 0.1 meV exhibit an even faster variat
In addition, the nonlocal cross sections are much gre
~typically almost two orders of magnitude! than those of the
local calculations, in agreement with recent experimen
data @15# shown in the figure. TheR-matrix cross section
near the threshold for vibrational excitation of the symme
C-I stretch is dominated by a vibrational Feshbach resona
which was discussed in detail in Ref.@15#. All other calcu-
lations do not exhibit this resonance. We note that this vib
tional Feshbach resonance occurs only in DA to CH3I (n3
50).

In order to understand the physical significance of th
results, we will discuss first the equation describing
threshold behavior of the cross section for a process inv
ing electrons interacting with a polar molecule withm
,mcr . According to the general theory@8,16# in the case of
an exothermic reaction we have

s5
ck2l21

uh2 ie2 iplk2l11u2
, ~24!

whereh is a complex parameter. If only one~elastic! chan-
nel is open,h is real, and the scatteringS matrix has a pole
in the complex energy plane which corresponds to a bo
state ath,0 and a virtual state ath.0. ~Note, however,
that this is not a conventional virtual state, since the pole
not lying on the imaginary axis in this case@17#.! In the
former case the binding energy is given by

2k25~2h!1/t. ~25!

The calculated cross section in the energy range betw
0.01 and 1 meV can be fitted by Eq.~24! with h520.661
which corresponds to a bound state with the energy 0
meV. However, this is not a true bound state: since the
channel is open even for negative electron energies,
bound state CH3I2 can decay into CH3 and I2. Therefore the
S-matrix pole has a nonzero imaginary part and bothh and
k2 in Eq. ~25! are complex. Our calculations of the dynam
cal S matrix at negative electron energies show that the
part of the pole is close to –0.07 meV; therefore Imh50 is
a good approximation for the description of the DA cro
sections below 1 meV. This result can be connected with
existence of the vibrational Feshbach resonance below
n351 threshold whose width is substantially larger beca
of the lower potential barrier for the nuclear motion for t
n351 state. The resonance disappears atn352 @15#.
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We conclude that the big value of the DA cross sect
for methyl iodide in the ultralow-energy region can be e
plained by the influence of the dipole-supported state wh
is not incorporated into the local version of the resonan
theory. To confirm this, we have completed one more se
calculations, which can be called the two-channel appro
mation, and corresponds to inclusion of only one channe
the resonance denominator of Eq.~22!. In this manner we
incorporate two channels for the nuclear motion, the init
vibrational state of the neutral and the final dissociat
channel, and ignore vibrationally excited states. This
proximation incorporates approximately the dipol
supported state near then350 threshold. The results are sub
stantially higher than the local calculations but still lie belo
the ‘‘exact’’ R-matrix results. The two-channel approxim
tion also does not describe the structure below then351
threshold.

B. Rotational effects

The above discussion did not take into account rotati
Methyl iodide is a prolate symmetric top whose rotation
spectrum is given by@18#

E~J,K !5BJ~J11!1~A2B!K2, ~26!

whereJ and K are rotational quantum numbers for a sym
metric top. For a prolate symmetric top the states withK
.0 are rarely populated at room temperature; therefore
the discussion of rotational effects the first term in Eq.~26! is
the most important. The rotational constantB for methyl io-
dide equals 0.037 meV; therefore the cross section beha
below 0.1 meV should be calculated with the inclusion
rotational motion. Rotation restores the Wigner law. A sim
lar effect can be caused byL doubling. This was demon
strated in photodetachment experiments@19# where the tran-
sition from the dipole threshold law to the Wigner law w
observed. Rotation has been shown to destroy the dip
supported state for methyl chloride@20#, and we can expec
similar effects for other molecules, even in their ground
tational states. Moreover, many rotational states are typic
populated in experiments, and we should expect deviati
from Eq. ~24! even at higher energies.

Experimental data@15# presented in Fig. 1 indicate tha
the deviations from the threshold law~24! start to occur be-
low 1 meV even for a supersonic beam target.~Note, how-
ever, that the rotational state distribution in this case is
known.! A similar deviation is observed in measuremen
performed at room temperature@15#, which is consistent with
an estimate for the rotational splittingDE;(BkBT/2)1/2 at
room temperature. The slope of the experimental curve
low 1 meV becomes consistent with the original Vog
Wannier result, demonstrating transition from the dipo
threshold law to the Bethe-Wigner law. However, expe
mental data for a supersonic target were obtained at hig
current level and broader energy width and are not as a
rate at low energies as room-temperature data. On the o
hand, the room-temperature results contain contributions
higher vibrational states and cannot be directly compa
6-4
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LOW-ENERGY BEHAVIOR OF EXOTHERMIC . . . PHYSICAL REVIEW A 63 022706
with the theory presented in Fig. 1.~Comparison of theory
with the room-temperature results is presented in Ref.@15#.!

Note that the Bethe-Wigner lawE21/2 can be substantially
modified due to the dipole-supported states even in themeV
region@9,10#, and therefore more experimental studies in
sub-meV region are desirable.

C. Solvation effect

According to Fig. 1, the EVW model gives very larg
cross sections that are close to the unitarity limitp/k2 at
energies above 1 meV. Physically this means that the c
bination of the dipolar and polarization potentials acts a
‘‘black’’ sphere making the reaction cross section close
the elastic cross section. One might think that the exten
Vogt-Wannier model provides an upper bound for the cr
section. However, by changing the parameters of the re
nance theory, it is possible to obtain even higher cross
tions.

To demonstrate this, we present in Fig. 2 the results
R-matrix calculations with negative-ion curves that we
shifted down by different amounts. Physically these calcu
tions approximately describe the solvation effects in atta
ment to clusters@21#. The cross sections for the differen
solvation energies stay close to the EVW results, but mi
even exceed them. As the solvation energy increases,
width of the vibrational Feshbach resonance~VFR! grows.
At ultralow energies this effect lowers the slope of the cro
section as a function of energy, although it remains som
what higher than the slope of the EVW curve. Near then3
51 threshold the effect leads to the disappearance of
VFR @21#.

The original VW theory, without accounting for the dipo
lar interaction, gives cross sections that are too low in
low-energy region.

V. ELECTRON ATTACHMENT TO MOLECULES
WITHOUT PERMANENT DIPOLE OR QUADRUPOLE

MOMENT

A. Electron attachment to SF6 and CCl4

Both SF6 and CCl4 are among the few molecules fo
which the Vogt-Wannier capture model should be applica

FIG. 2. Dissociative attachment to methyl iodide. Solid curv
were obtained by using different solvation energies: 0.1, 0.2,
0.6 eV. Short-dashed curve: EVW model. Long-dashed curve:
unitarity limit p/k2.
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in view of missing electric dipole and quadrupole momen
and it is of interest to compare the prediction of the V
theory with experimental results for the energy-depend
attachment cross section, obtained at very low energies
high resolution.

Using energy-variable photoelectrons from vacuum ult
violet photoionization of rare gas atoms~energy range 0–160
meV!, Chutjian and Alajajian@22# obtained clear evidence
for s-wave behavior of the attachment cross section at
energies. Subsequently, Klaret al. @6,7,23,24# used a laser
photoelectron attachment method with a similar ene
range, but substantially improved energy width~below 1
meV!. As an important ingredient and improvement ov
previous work, they analyzed the effects of residual elec
fields ~reduced to values below 1 V/m! on the near-threshold
attachment yield through model calculations of the atta
ment yield@6,24–26#. They used the analytical cross sectio
~4! which was found to provide a very good description
the experimental attachment yield from threshold up to
first vibrationally inelastic onset for both SF6 @6,25,26# and
CCl4 @7,24#. In this way they were able to determine th
parameterb in Eq. ~4! to within 10% and thereby quantify
the deviations of the cross section from the limiting behav
s(E→0) which—in terms of Eq.~4!—is given by s(E
→0)5s0b/E1/2. With b expressed in units of (meV)21/2

Klar et al. obtained b50.405(40) for SF6 @6# and b
50.59(6) for CCl4 @7,24#, in both cases distinctly large
than the prediction obtained from the Klots formula~3!,
namely,bK50.228 for SF6 andbK50.299 for CCl4.

By normalizing their relative attachment yields to reliab
thermal attachment rate coefficientske(T5300 K) @27,28#,
Klar et al.determined the constants0 in Eq. ~4! and thus the
quantity s0b which is a direct measure of the limiting rat
coefficient ke(E→0) @6,24–26#. For SF6, Schrammet al.
@23# recently measured the attachment yield at residual e
tric fields of about 0.01 V/m and negligible laser bandwid
for electron energies from 10 meV down to 20meV; they
confirmed the results of Klaret al. @6# for the parameterb.
For CCl4, the experimental energy resolution was not as h
as for SF6; at residual electric fields of about 0.5 V/m, th
effective energy width was~slightly below! 1 meV @24#.
Correspondingly, the extrapolation to the VW limit is som
what less certain than for SF6, but model calculations includ
ing the residual fields and the cross section~4! yielded very
good agreement between the modeled and the measure
tachment yield for CCl4 in the threshold region@24#. The
values forb, s0, andke(E→0), determined experimentally
for SF6 ~formation of long-lived SF6

2) and CCl4 (Cl2 for-
mation!, are summarized in Table I. For comparison we ha
listed the VW result for the capture rate coefficientkc ,

kc54p~a/m!1/2

57.75531028a1/2 cm3 s21 ~a in atomic units!,

~27!

as well as rate coefficientsknl for Rydberg electron transfe
from Refs.@9,30,31# at high principal quantum numbers, a
which knl was found to be independent ofn for both SF6 and

s
d
e
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ILYA I. FABRIKANT AND HARTMUT HOTOP PHYSICAL REVIEW A 63 022706
CCl4 ~for a more detailed discussion of the RET data a
their comparison with free-electron results, see@26,31#!.

For SF6, the RET value at highn knl54.0(10)
31027 cm3 s21 @30# and the LPA result forke(E→0)
55.4(8)31027 cm3 s21 @6# are both in satisfactory agree
ment with the VW capture rate coefficientkc55.15
31027 cm3 s21. In Fig. 3 we present a comparison of th
experimental attachment cross sections with the VW re
@the latter is indistinguishable from the Klots result~3! on the
scale of the drawing#, and with the empirical fit of Klaret al.
@6#. The empirical fit gives a good description of the cro
section up to the threshold forn1 vibrational excitation
where the cross section exhibits a sharp downward cusp
scribed theoretically by Gauyacq and Herzenberg@32#.

Since in the case ofs-wave scattering there is no centrifu
gal barrier to support the resonance state, the process of
energy attachment in this case can be viewed as a d
nonadiabatic capture@33,34#. Attachment to SF6 was dis-
cussed in terms of nonadiabatic coupling by Gauyacq
Herzenberg@32#. The low-energy electron can give up i
energy to become bound if the crossing of the negative
curve with the neutral curve occurs close to the equilibri
internuclear separation. However, there should be a me
nism preventing the electron from escaping into the c
tinuum. In the case of SF6 this occurs due to a fast redistr
bution of the available energy over many vibrational mod
before the nuclear framework can oscillate back to its ini
configuration@32#. The SF6

2 anion becomes metastable, a
this explains the nondissociative feature of low-energy
tachment to SF6. Since the capture in this case is nonres
nant, the VW model becomes appropriate. Of course ar 4

singularity, which plays an essential role in the VW mod

TABLE I. Molecular properties and electron attachment char
teristics for SF6 and CCl4 at gas temperatures ofTG5300 K.

Property SF6 CCl4

a ~units of a0
3) 44.1a 75.6a

m ~D! 0 0
kc (1027 cm3 s21) 5.15b 6.74b

ke (T5300 K) (1027 cm3 s21) 2.27~9! c 3.79~19! d

~electron swarms!
knl (1027 cm3 s21) 4~1! e 11~2! f

~RET!

s0(10220 m2 meV) 7130~360! g 11160~560! h

bK @(meV)21/2# i 0.228i 0.299i

b @(meV)21/2# 0.405~40! g 0.59~6! h

ke(E→0)(1027 cm3 s21) 5.4~8! g 12.3~19! h

aReference@29#.
bUsing Eq.~27! and polarizabilities in first column.
cReference@27#.
dReference@28#.
eReference@30#.
fReference@9#.
gReference@6# ~LPA!.
hReference@24# ~LPA!.
iCoefficient according to Klots formula~3!.
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is unphysical. However, for sufficiently higha it describes
quite well the probability of finding the electron within th
molecule where direct energy exchange is likely to occur

For CCl4 , knl511(2)31027 cm3 s21 @9,31# and the LPA
result ke(E→0)512.3(19)31027 cm3 s21 @7,24# are com-
patible with each other, but they are both distinctly high
than the VW capture rate coefficientkc56.74
31027 cm3 s21. This is demonstrated in Fig. 4 by compa
ing the recommended experimental cross section with
VW prediction and the parametrization of Klaret al. @24#.
The slope of the experimental curve is higher than that gi
by the VW model. Our discussion of methyl iodide sugge
that this might be indicative of a weakly bound negative-i
state. Indeed, as was suggested by Burrowet al. @35#, the
ground 2A1 CCl4

2 state is bound with a very small bindin
energy, whereas the first repulsive excited state2T2 has a
vertical attachment energy of 0.94 eV. It is likely that th
2T2 state drives the resonant DA process whereas the2A1
state enhances this process at low energies.

B. C60

Low-energy electron attachment to C60 has been a subjec
of some controversy. Flowing afterglow/Langmuir prob
~FALP! measurements@36,37# indicated that electron captur
by C60 is characterized by an activation barrier of 0.26 e
This was interpreted as ap-wave process by Tosatti and Ma
nini @38# who showed that ans state of the C60

2 anion is
prohibited by symmetry. Their calculations of the captu
rates based on a finite potential well model are in go

-

FIG. 3. Electron attachment to SF6. Solid curve, the recom-
mended experimental values; dashed curve VW, the predictio
the VW model; dashed curve Klar, parametrization of Klaret al.
@6#. Note that the curve VW is indistinguishable from the Klo
result, Eq.~3!, on the scale of drawing.
6-6
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agreement with the FALP measurements@36,37#, in terms of
both the absolute magnitude and the slope of the rate de
dence on the inverse electron temperature which gives
magnitude of the activation barrier.

However, as noted previously by Huanget al. @39#, the
model used in Ref.@38#, and later in@40#, does not seem to
represent the physics of the process correctly. First, it igno
the polarizability of C60 which is very large~558 a.u.!. Fur-
thermore, it regards the capture cross section as being i
tical to the elastic cross section which is physically incorre
The simplest way to see this is by looking at the thresh
behavior: whereas thep-wave capture cross section behav
as E1/2 at low energies, the elasticp-wave scattering cros
section is proportional toE2. The extra factorE3/2 in the
elastic cross section appears because the electron has to
nel through the centrifugal barrier a second time when le
ing the interaction zone. Therefore the good agreement
tween the FALP experiments and the calculations@38# seems
to be fortuitous.

Several beam measurements@39–41# also claim the exis-
tence of an activation barrier with a height of 0.24@41# or
0.15 eV @39#. However the threshold detected by Hua
et al. @39# is likely due to experimental problems in penetra
ing to very low energies. The measurements of Jaffkeet al.
@41# were reinterpreted by Weberet al. @42# who concluded
that they can only be understood if ans-wave contribution or
a resonance close to zero energy is present. Note tha
deconvoluted results in@41# were incorrectly shifted on the
energy scale by 0.4 eV~see Appendix in@42#!, thereby sug-
gesting a barrier; this, however, was an artifact of the dec
volution procedure in@41#.

The absence of an activation barrier is indicated by
periments on Rydberg electron attachment to C60 @39,42,43#.

FIG. 4. Electron attachment to CCl4. Notation is the same as in
Fig. 3.
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They do not confirm thep-wave model@38# and exhibit a flat
dependence of the attachment rate on the principal quan
number of the Rydberg electron. In addition, a recent be
experiment@44# with free electrons has found evidence of
zero-energy attachment process~within 0.03 eV! which does
not agree with the FALP@36,37# and the earlier beam
@40,41# results. Several mechanisms fors-wave attachment
involving formation of weakly bound@42# or virtual @45#
states of C60

2 , supported by the long-range polarization inte
action, have been discussed.

Here we will compare the obtained experimental inform
tion with the results of application of the VW model. In Fig
5 we present thel 50 throughl 53 contributions to the cross
sections for capture by a target with the polarizability 5
a.u. We see that theE1/2 behavior for thep wave occurs
within a very narrow energy range: thep-wave cross section
peaks atE526 meV. This means that the experimental da
of Elhamidi et al. @44# do not contradict the concept of th
p-wave process at low energies.. On the other hand, i
obvious that this behavior does not agree with the FA
results and earlier beam experiments@40,41#, which are more
consistent with ad-type or f-type behavior.

Recentab initio theoretical calculations@45# of elastic
e-C60 scattering suggest that in the low-energy region t
process is dominated by a virtual state in theag symmetry,
whose lowest partial-wave component isl 50, and a reso-
nance state in thet1u symmetry, whose lowest partial-wav
component isl 51. Therefore we can assume that the atta
ment process at low energies is controlled by a combina
of direct capture mediated by a virtual state~similar to low-
energy attachment to SF6) and resonance capture into thet1u
state. Theoretical calculations were performed at equilibri
nuclear configuration, and nothing is known yet about

FIG. 5. Cross section for electron attachment to C60: VW model
for s-, p-, d-, andf-wave capture.
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vibrational dynamics involved. Therefore at this stage
will try to describe the capture cross section by combin
the s-wave and thep-wave VW cross sectionss0 ands1:

s5c~es01s1!, ~28!

wherec ande are adjustable parameters:e characterizes the
relative contribution of thes wave, andc the absolute value
of the cross section which can be estimated from experim
tally obtained attachment rates@39,42,43#.

In Fig. 6 we present the attachment cross sections ca
lated with c5e50.1. The s-wave zero-energy peak dom
nates the cross section at very low energies below 3 meV
a result of insufficient energy resolution, the beam meas
ments@41,44# in the low-energy region are dominated by t
p-wave contribution. To compare with the experiment of E
hamidi et al. @44# we have averaged the calculated cro
sections over a Gaussian distribution with a width of
meV. The width was obtained from an analysis of the S6

2

yield measured in@44#. To illustrate the influence of the
s-wave contribution, we also present the averaged cross
tions calculated withe50.2. Further increase of thes-wave
component leads to rates in the meV region which are
high compared to the experimental estimates@39,42,43#.

The theoretical curve is somewhat shifted toward hig
energies relative to the experimental curve, but this shif
within the experimental uncertainty of the absolute ene
scale in@44#. Otherwise agreement is good, and this indica
the dominance of the resonantp-wave process from abov
about 3 meV. At higher energies other resonances foun
Ref. @46# appear to drive the attachment process. We h
done a similar comparison with the results of Jaffkeet al.
@41#, as revised by Weberet al. @42#, by averaging the theo
retical cross section over a Gaussian distribution of wi
200 meV. The position of the experimental peak is shif
toward somewhat higher energy in this case. To comp
with the FALP data, we have averaged the theoretical res

FIG. 6. Cross section for attachment to C60. Solid line, calcu-
lation employing combination ofs-wave andp-wave VW cross sec-
tions, Eq.~28!, with e50.1. Dashed line, theoretical cross secti
averaged over Gaussian profile with the width 50 meV. Dot-das
line, the same average of the cross section withe50.2. Circles,
experimental data of Elhamidiet al. @44#, normalized to theory at
E50.2 eV.
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over Maxwellian electron energy distribution and obtain
rate coefficients that are nearly independent of electron t
perature, whereas the FALP experiments exhibit an incre
of an order of magnitude over the rangeT5300–1500 K.

Note that only 1–2 % (ce50.01 or 0.02! of the s-wave
VW cross section appears to contribute to the capture p
cess, in contrast with attachment to SF6. Apparently the sta-
bilization mechanism discussed for SF6 is not as efficient for
C60. The 1–2 % fraction can be considered as an efficie
for conversion of the C60

2 virtual state into a bound state
something similar to the survival probability in resonan
attachment.

In Fig. 7 we present the attachment rate for Rydberg e
trons calculated by using the Fermi free-electron model@47#
with semiclassical electron velocity distributions~see, e.g.,
@26#!. The s-wave contribution dominates atn.60 and
makes the rate as a function ofn essentially flat. The overal
increase of the experimental rates toward lowern is de-
scribed well by the theory. However, the free-electron mo
does not reproduce the stepwise structure in the region
530. Apparently the influence of the Rydberg core, whi
can mediate formation of C60

2 via a curve-crossing mecha
nism @48#, becomes important in this region.

We think that the following conclusions can be draw
from the above comparisons. First, the result of the rec
beam experiment@44# is consistent with a dominantp-wave
capture process. In the meV energy ranges-wave capture,
possibly mediated by a virtual state, becomes important,
this is demonstrated experimentally by the results on R
berg electron capture at highn. The temperature dependenc
of the attachment rate coefficient observed in the FALP
periments@36,37# is not in accord with the combineds andp
model. Possibly, the electron energy distribution in t
temperature-variable FALP apparatus is not completely th
malized and short of low-energy electrons. Another possi
ity is a significant dependence of the negative-ion yield
the rovibrational temperature of C60. The C60 temperature in

d

FIG. 7. Rates for Rydberg electron transfer to C60. Solid curve,
calculation employing Eq.~28! with e50.1. Dashed curve, the
same withe50.2. Experimental data are those of Weberet al. @42#
~solid squares!, Huanget al. @39# ~open circles!, and Finchet al.
@43# ~open diamonds!. Experimental results of Weberet al. were
normalized to the theoretical value atn* 5109. All other experi-
ments were normalized to those of Weberet al. at n* 538.
6-8



en
x
u
-
th

b

ith
t

st
t

is
D
th

o
a

fo
ca
a
is

ta
ea
s
u
w

ua

lts
fo
d
re
o

at-
ase.
ach-

nt.
ry

in-
le-
ap-

re-
n-
r-
oth

o
e

the

kly
se

t to

e-

d

l, in

f the
with
ther
vi-

-

ci-
the
uppe
s are
r

cal
for

the
d

LOW-ENERGY BEHAVIOR OF EXOTHERMIC . . . PHYSICAL REVIEW A 63 022706
the free-electron and Rydberg electron beam experim
@39–44# is between about 600 and 940 K. In the FALP e
periment C60 was vaporized at a temperature of 700 K, b
the temperature of the attaching C60 molecules was uncer
tain, ‘‘presumably less than 700 K and probably close to
carrier gas temperature of 300 K’’@37#.

VI. CONCLUSIONS

The VW and EVW models in many cases give reasona
estimates for attachment cross sections, and for the SF6 tar-
get the VW prediction is in fact in very good agreement w
experiment. One may ask whether these models reflect
physics of low-energy attachment, or whether they are ju
convenient way to interpolate the cross section between
threshold behavior and the unitarity limit. Indeed, DA
typically a resonance process, and any equation for the
cross section should contain the resonance width, like
O’Malley formula, Eq.~1!. The VW formula, which is actu-
ally an equation for the capture cross section, does not c
tain a width. In most cases the VW-type formula works as
empirical fit, Eq.~4!, in contrast to the Klots formula, Eq.~3!
~basically equivalent to the original VW result!, which does
not contain adjustable parameters.

However, our discussion of low-energy attachment
several molecules shows that the VW and EVW models
be employed when the process is controlled by nonadiab
capture into a weakly bound or virtual state. This mechan
certainly plays a role in attachment to SF6 , CCl4, and CH3I,
and, very likely, in attachment to C60.

Another good example is electron attachment to me
clusters@49#. In this case the nonresonance capture app
to occur in many partial waves. The summation of VW cro
sections over all contributing partial waves yields a res
that, at high enough energies, is close to the well-kno
Langevin cross section for capture of a classical particle@50#

scl~E!5p~2a/E!1/2. ~29!

@It is interesting that the classical capture cross section eq
exactly half of the low-energy limit of the VWs-wave cross
section, Eq.~2!, as emphasized by Vogt and Wannier@4##.
Equation~29! describes very well the experimental resu
@49# for attachment to sodium clusters. The mechanism
nonresonant nondissociative capture might be enhance
this case due to the much larger number of degrees of f
dom in clusters. However, it has not been studied yet h
the excess energy is redistributed in this process.

In the case of CCl4 we have—in addition to the CCl4
2

symmetric ground state2A1 @35#, whose binding energy is
close to zero at equilibrium—a resonance2T2 state @35#
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which increases the attachment probability. Therefore the
tachment cross section exceeds the VW result in this c
The exothermic resonance path makes low-energy att
ment to CCl4 dissociative~production of Cl2).

The situation with polar molecules is somewhat differe
The case of DA to CH3I discussed above is described ve
well by resonanceR-matrix theory. However, at very low~or
near-threshold! electron energy an alternative approach
corporating nonadiabatic capture into a diffuse dipo
supported bound state might be valid. In fact this state
pears as a vibrational Feshbach resonance@15# near the
threshold for excitation of the symmetric C-I stretch. The
fore it might be not surprising that the EVW model, in co
trast to the local approximation~1!, gives a reasonable orde
of-magnitude estimate for the cross section in this case. B
mechanisms~resonance and nonadiabatic capture! are incor-
porated into theR-matrix formalism. In particular, at ul-
tralow energies theR-matrix theory becomes equivalent t
the effective-range theory@32,34# that was used to describ
the nonadiabatic attachment process.

It is important to emphasize the difference between
nonpolar target SF6 and the polar target CH3I. In the former
at ultralow energies nonadiabatic capture into the wea
bound state is nondissociative. In the latter the diffu
dipole-supported state has a short lifetime with respec
predissociation into the valence state of CH3I2.

The analysis of available experimental data for fre
electron and Rydberg electron attachment to C60 suggests
that at very low energiess-wave capture, possibly mediate
by a virtual state, is important, and that ap-wave process is
dominant above about 3 meV. The p-wave capture mode
contrast to what has been claimed in Refs.@36,37#, cannot
explain the observed strong temperature dependence o
attachment rate. This dependence is also not compatible
the near-threshold findings of the beam experiments. Fur
experimental studies, also addressing variation of the ro
brational temperature of C60, are needed to clarify the situ
ation.
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