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Low-energy behavior of exothermic dissociative electron attachment
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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 CH;l. Itis shown that the resonance theory should incorporate in this case a weakly bound dipole-supported
state of CHI~, 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 attachmegnt to SF
CCl,, and Gg. 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 fpit Q@dlerestimates the
attachment cross section by a factor of 2 in the sub-meV region. fFpwv€ suggest that electron attachment
is dominated bys-wave capture in the region below 2 meV andgpwave 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.
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I. INTRODUCTION 100% probability if the electron falls into the singularity cre-
ated by the polarization potential a/2r4. The cross section
Dissociative attachment cross sections are very sensitivédepends only on energy and the molecular polarizabitity
to the details of the electron-molecule interaction and theand in the low-energy region it is given by the simple for-
coupling between the electron scattering channels and thaula
dissociating channels. Exothermic dissociative attachment
(DA) reactions might exhibit very large cross sections at low o=4m(al2E)Y2 2)
energies; however, this region is not well studied theoreti-

cally. Even qgalitative aspects of the low-energy behavior of-l-he original VW result, Eq(37) of Ref. [4], was derived
the exothermic DA reaction are not yet well understood. AC+tom the theory of Mathieu functions. However, for the

cording to the Bethe-Wigner lajd], for nonpol?_rlvgolecules swave contribution Klotd5] was able to find a simple ex-
the cross section should depend on en&@gE , where ression
| is the lowest angular momentum allowed by the symmetr)P
of the intermediate negative-ion state. However, the coeffi-
cient of proportionality in this law appears to be very differ- o= 1[1_exp{_4(2aE)l/2}] 3)
ent in different theoretical approaches. According to the 2E
theory of O’Malley[2] and of Bardsley{3] in the local ap-
proximation the cross section is given kgtomic units are  which fits very well the exact Vogt-Wannier result for 0
used throughout the paper and describes the transition from the low-energy beha@jor
to the unitarity limit w/2E at higher energies.

The Vogt-WannierlMVW) model seems to be unphysical
in the sense that the actual long-range potential does not
have a 17 singularity. So far a detailed comparison with the
wherel is the width of the intermediate negative-ion state inVW limit has only been possible for the molecules;Sfd
the Franck-Condon regiofi¢|? is the Franck-Condon fac- CCl, which are among the few molecules that do not have a
tor for the transition between the initial state and thepermanent dipole or quadrupole moment and thereby lend
negative-ion state, anglis the survival factor. At low ener- themselves to a comparison with the VW model. Both Ryd-
gies the energy dependencies of the Franck-Condon factdrerg electron transfdRET) and laser photoelectron detach-
and of the survival factor are relatively weak, and the threshment (LPA) experiments have yielded experimental results
old behavior is given by the energy dependence GE down to sufficiently low energies to make a meaningful com-
(~E'"1?), parison with the VW model possible. Klat al. [6,7] have

A completely different approach is used in applying theused a variant of the Klots formul®) to describe their LPA
Vogt-Wannier(VW) model for the capture into a polariza- cross sections, measured at sub-meV resolution, by a simple
tion well [4]. It is assumed there that the reaction occurs withanalytical formula,

’7T2 2
o= =TIFcl?s )
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_Y%o.. _ d? AA+L) o«
o= l1-exp-BVE)]. (4) az+k2———ﬁ——+r—4 u(r)=0, 6)

The product oo corresponds to the VW coefficient \ynerek?=2E and\(\+1) is an eigenvalue of the operator

4m(al2)*? with two adjustable parameters, and 3. L2—2u cosé, whereL? is the square of the orbital angular
Although both Egs.(1) and (2) [or (4)] give the same  pomentum. For subcritical dipole moments considered here

energy dependence feiwave electrons, there is no relation ) (\ +1)>—1/4 and\ is real.

between them otherwise. The VW model does not incorpo- " The scattering matrix can also be transformed into the

rate the resonance mechanism; therefore there is no resgpolar angular harmonics representation where it becomes

nance characteristic like a width in their equation. diagonal. In the low-energy region only the lowest eigen-

~ The situation turns out to be even more complicated for,5jye N makes a contribution to the inelastic cross section,
dipolar molecules. If the electron energy is large compared tQnich can now be written in the form

the rotational spacingan assumption that holds down to
sub-meV energies for relatively heavy moleciiése Bethe- -
Wigner threshold law should be modifig8]. For subcritical o =—(1- 1So2), (7)
dipole momentsu < u,=0.6395 a.u., the cross section be- k
comes proportional t& ~Y> where\ is a threshold expo- i i )
nent whose value varies between 0 for-0 and — 1/2 for where S, is the matrix element of the scattering operator
w= e . The local approximation, Eql), is consistent with ~ corresponding to the lowest _ , ,
this modification. However, the VW theory has never been The required solution of the radial equation with the
extended to polar molecules. In addition, the low-energy belngoing-wave boundary conditions at the origin has the fol-
havior for scattering by polar targets can be strongly affectedPWing asymptotic form at —0:
by very diffuse dipole-supported bound or virtual states i
[9,10]. It is known that these states lead to enhancement of u(r)~constcre’s,  {=a'¥r—mn/2. ®
the cross sections. However, there is no theory predictingrhe radial wave functiom can be written in terms of real
how big this enhancement is for the DA process. .
. ) . functionsf andg

The present paper studies low-energy dissociative attach-
ment for several targets. First we extend the VW treatment to
polar targets, and then we calculate the DA cross section for
the methyl iodide mollecule using three differ(_ant methodsiyith the boundary conditions
extended Vogt-WanniefEVW), the local version of the
O’'Malley-Bardsley theory, and the nonlocal resonance f~rsing, g~r cosc. (10)
theory. Then we analyze the low-energy behavior of DA for
several nonpolar targets. We show that the VW or the EVWAt larger, u(r) can be written as
approach might be appropriate at very low electron energies
(below the first vibrational excitation threshaldwhere u(ry= ¢ =Sy, (1)
nonadiabatic capture into a weakly bound state becomes pos-
sible. The local version of the resonance theory is unable twhere
describe this effect, although the complete treatment of vi- . )
brational dynamics which incorporates weakly bound states ¢ ~ex xi(kr—\/2)] (12)
(for example, the resonand@matrix theory can describe
both resonant and nonresonant attachment.

u=g+if 9)

atr—oo.

For determination ofS, we need to find the connection
between two pairs of solution$;g and¢(*). As in the Vogt
and Wannier paper, this is possible by using the Mathieu

The VW theory assumes the absorption boundary condifunctions. However, in this paper we will consider the low-
tion at the origin due to capture into the polarization well. €nergy region where the energy dependenc&gptan be

The reaction cross sectian in this case is given bjl1] expressed through elementary funption+s. For this purpose we
introduce a new pair of real solutiond™ which are con-

nected with¢(™) by the equation

Il. EXTENDED VOGT AND WANNIER THEORY

T
or=— 2 (81 —|Su?, (5)
K= HH =y S ) (19
—v sinmr’
whereS;;; are the matrix elements of the scattering operator
in the angular momentum representation. wherer=\+1/2. At larger, v*) behave as
The Schrdinger equation for a superposition of the dipo-

lar and polarization potentials allows separation of the vari- v ~sin(kr— 7\ /2), (14
ables. The wave function can be expanded in dipolar angular
harmonicqd12,13 and the radial equation has the form v(7)~ cogkr—m\/2) +tanm\ sin(kr— A /2). (15
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The explicit representation far(™) at k—0 was given in
Ref.[13]:

Q
o

LT(F7+1)
T

je}
e

(=) _

2 P

T r ’

(16)

wkr) 1/2( ko 1/2) +7'J (11/2

(@]
[

wherel is the gamma function] is the Bessel function, and
AT=1, A" =1/costm\).

Using the asymptotic expression for the Bessel functions
at large arguments, we immediately obtain the required con-
nection formulas

o
N

cross section (10-16 cm?2)

10-2 101 100 101 102
f electron energy (meV)
v =b(gcosmA—fsinmn), v()=—-,
b cosm\ FIG. 1. Low-energy dissociative electron attachment to methyl
17 iodide. Solid curvesR, completeR-matrix calculations; L, local
approximation. Dot-dashed curve: two-channel approximation.
Long-dashed curvéVW): VW model. Short-dashed curve: EVW
model. Full circles: laser photoelectron attachment measurements

kal?)T, (18) obtained for a supersonic beam tarffEs].

where

ra—nr

C2270(1+4 1)
whereW(p) is the lowestR-matrix pole andr, is a back-

We have assumed the same arbitrary constant in the definground term weakly dependent pn
tion of f andg. Its specific value does not affes. The Smatrix elements for DA can be written in the ma-

We express noWandg in terms ofv(™), use the relation trix form
betweenv ™) and ¢*), and compare the result with Eq.
(11). Finally we have Spa= 271 )11+ yG Pyl )Yy, 22)
B 1b—b
~ 1/b+bexp(—2mi\)

(19 whereu*=u*—Ry(u™)’, u™ and U*)’ are the diagonal

matrices of the electron radial wave functions and their de-
and rivatives corresponding to outgoing-wave boundary condi-

tions in different vibrational channels, L*=(u*)'/u*

20 G(*) is the Green’s function for the nuclear motion in the
negative-ion state, anglis the vector of the first-order am-
plitudes

Note that, althougtb is asymptotically small, the threshold

exponentr might be close to 0, as, for example, in the case vy, =]y, (23

of CHsl; therefore Eqs(19) and(20) should not be simpli-

fied further. In particular, using 4|Sy|?=4b?cogm\ for

the CHl molecule violates the unitarity limit even at the
electron energfe=0.01 meV.

Note that, for zero dipole momenpt, A\=0, r=1/2, and
b%=ka*? which gives the correct VW limit, Eq2). On the
other hand, whenu approaches the critical valug,,
=0.6395 a.u. we hava— —1/2, and Eqgs.(19) and (20)
exhibit an uncertainty of the type 0/0, which should be re-
solved by using I'Hpital's rule. Since this case is of no
practical importance, we do not elaborate on it further.

4 cogm\

lel2— _
S0l b2+ 1/b2+ 2 cos 27\

where ™) is the nuclear wave function describing the mo-
tion in the negative-ion state.

In what follows we will also consider a simplified version
of the resonance theory whereby we neglect the operator
yG)y in the resonance denominator of Hg2). Using a
known connection14] between thdr-matrix theory and the
Feshbach approach, we can show that the cross section in
this approximation is given by O’'Malley’'s Eq1), or the
local approximation, witbs=1. Since at low electron ener-
gies the survival probability is close to 1, we will refer to this

approximation as the local approximation.
lll. RESONANCE THEORY

For comparison of the EVW thgory with the resonance IV. LOW-ENERGY ATTACHMENT TO CH
theory we use the resonan&ematrix approact 14,15 in _ ) _ )
which the fixed-nucleR matrix as a function of internuclear A- Comparison of EVW with Rrmatrix results: role of dipole-

3'

distancep is given by one diagonal matrix element supported states
In Fig. 1 we present the DA cross section for methyl
R(p)= Y*(p) +R 1) iodide molecules in the vibrational ground state {LKlvg
W(p)— b =0) calculated using different theories: the Klots fit of the
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VW result, the EVW(including the dipole momeptresult, We conclude that the big value of the DA cross section
the completeR-matrix calculations, and the results of the for methyl iodide in the ultralow-energy region can be ex-
local approximation. plained by the influence of the dipole-supported state which

First of all we see very large deviations between the dif-is not incorporated into the local version of the resonance
ferent theories, reaching two orders of magnitude for a fixedheory. To confirm this, we have completed one more set of
energy, with the lowest cross sections obtained with the locatalculations, which can be called the two-channel approxi-
theory and the highest with the EVW theory. The energymation, and corresponds to inclusion of only one channel in
dependence of the cross section at ultralow energies is detee resonance denominator of E@2). In this manner we
mined by the threshold exponemt=\+1/2. For CHl 7 incorporate two channels for the nuclear motion, the initial
=0.034 is close to zero, therefore both the extended Vogvibrational state of the neutral and the final dissociative
and Wannier model and the local theory predict a fast growtlthannel, and ignore vibrationally excited states. This ap-
of the cross section approachifig %°> However, the non- proximation incorporates approximately the dipole-
local results above 0.1 meV exhibit an even faster variationsupported state near thig= 0 threshold. The results are sub-
In addition, the nonlocal cross sections are much greatestantially higher than the local calculations but still lie below
(typically almost two orders of magnitugéhan those of the the “exact” R-matrix results. The two-channel approxima-
local calculations, in agreement with recent experimentation also does not describe the structure below the 1
data[15] shown in the figure. Thé&-matrix cross section threshold.
near the threshold for vibrational excitation of the symmetric
C-I stretch is dominated by a vibrational Feshbach resonance
which was discussed in detail in R¢fL5]. All other calcu-
lations do not exhibit this resonance. We note that this vibra- The above discussion did not take into account rotation.
tional Feshbach resonance occurs only in DA to;Cf;  Methyl iodide is a prolate symmetric top whose rotational

B. Rotational effects

=0). spectrum is given by18]
In order to understand the physical significance of these )
results, we will discuss first the equation describing the E(J,K)=BJJ+1)+(A-B)K", (26)

threshold behavior of the cross section for a process involv-

ing electrons interacting with a polar molecule wifa  whereJ andK are rotational quantum numbers for a sym-
<pe- According to the general theof,16] in the case of metric top. For a prolate symmetric top the states vith

an exothermic reaction we have >0 are rarely populated at room temperature; therefore for
o1 the discussion of rotational effects the first term in E26) is
. ck (24) the most important. The rotational constéhfor methyl io-
| p—ie Tm\A 2] dide equals 0.037 meV; therefore the cross section behavior

below 0.1 meV should be calculated with the inclusion of
where 7 is a complex parameter. If only orfelasti chan-  rotational motion. Rotation restores the Wigner law. A simi-
nel is open,y is real, and the scatterif§matrix has a pole lar effect can be caused by doubling. This was demon-
in the complex energy plane which corresponds to a bounégtrated in photodetachment experimeit8] where the tran-
state at7<<0 and a virtual state ay>0. (Note, however, Ssition from the dipole threshold law to the Wigner law was
that this is not a conventional virtual state, since the pole i®bserved. Rotation has been shown to destroy the dipole-
not lying on the imaginary axis in this ca@7].) In the  supported state for methyl chlori§20], and we can expect

former case the binding energy is given by similar effects for other molecules, even in their ground ro-
tational states. Moreover, many rotational states are typically
—k?=(—n)'". (25 populated in experiments, and we should expect deviations

from Eq.(24) even at higher energies.
The calculated cross section in the energy range between Experimental datd15] presented in Fig. 1 indicate that
0.01 and 1 meV can be fitted by E@4) with =—-0.661 the deviations from the threshold la{®4) start to occur be-
which corresponds to a bound state with the energy 0.0Tow 1 meV even for a supersonic beam targdtote, how-
meV. However, this is not a true bound state: since the DAever, that the rotational state distribution in this case is un-
channel is open even for negative electron energies, thlenown) A similar deviation is observed in measurements
bound state CKEl ™ can decay into Ckland I". Therefore the performed at room temperatyrgs], which is consistent with
Smatrix pole has a nonzero imaginary part and bgtand  an estimate for the rotational splittin§E~ (BkgT/2)Y? at
k? in Eq. (25) are complex. Our calculations of the dynami- room temperature. The slope of the experimental curve be-
cal Smatrix at negative electron energies show that the redow 1 meV becomes consistent with the original Vogt-
part of the pole is close to —0.07 meV; thereforezlm0 is ~ Wannier result, demonstrating transition from the dipole
a good approximation for the description of the DA crossthreshold law to the Bethe-Wigner law. However, experi-
sections below 1 meV. This result can be connected with thenental data for a supersonic target were obtained at higher
existence of the vibrational Feshbach resonance below theurrent level and broader energy width and are not as accu-
v3=1 threshold whose width is substantially larger becauseate at low energies as room-temperature data. On the other
of the lower potential barrier for the nuclear motion for the hand, the room-temperature results contain contributions of
v3=1 state. The resonance disappearszat2 [15]. higher vibrational states and cannot be directly compared
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in view of missing electric dipole and quadrupole moments,
and it is of interest to compare the prediction of the VW
theory with experimental results for the energy-dependent
attachment cross section, obtained at very low energies and
high resolution.

Using energy-variable photoelectrons from vacuum ultra-
violet photoionization of rare gas atorfenergy range 0—160
meV), Chutjian and Alajajianf22] obtained clear evidence
for swave behavior of the attachment cross section at low
energies. Subsequently, Klat al. [6,7,23,24 used a laser

1 o o SN photoelectron attachment method with a similar energy
mw ot 100 o 102 range, but substantially improved energy widtelow 1

electron energy (meV) meV). As an important ingredient and improvement over

previous work, they analyzed the effects of residual electric

FIG. 2. Dissociative attachment to methyl iodide. Solid curvesfields (reduced to values below 1 Vjnon the near-threshold
were obtained by using different solvation energies: 0.1, 0.2, an@ttachment yield through model calculations of the attach-
0.6 eV. Short-dashed curve: EVW model. Long-dashed curve: thénent yield[6,24—2§. They used the analytical cross section
unitarity limit 7/k2. (4) which was found to provide a very good description of
the experimental attachment yield from threshold up to the
first vibrationally inelastic onset for both §§6,25,28 and

(@}
&

Q
S

(o]
N

cross section (10-16 cm2)

with the theory presented in Fig. {Comparison of theory

with the room-temperature results is presented in R].) CCl, [7,24]. In this way they were able to determine the

Note that the Bethe-Wigner la&~ 2 can be substantiall . Y _
modified due to the dipoleg—supported states even inue¥ g parame_te(/.-.’ in Eq. (4) to within .10% and the_re_b_y quant|fy_
region[9,10], and therefore more experimental studies in thethe deviations of the cross section from the limiting behavior

sub-meV region are desirable. o(E—0) which—in terms of Eq.(4)—is given by o(E
—0)=0,B/EY2 With B expressed in units of (meV)}?
C. Solvation effect Klar etal. obtained 8=0.405(40) for SE [6] and B

; ; ; =0.59(6) for CCJ [7,24], in both cases distinctly larger

According to Fig. 1, the EVW model gives very large e '
cross sections that are close to the unitarity limitk? at ~ than the prediction obtained from the Klots formu(@),
energies above 1 meV. Physically this means that the confl@mely,Bx=0.228 for Sk and S =0.299 for CC}. _
bination of the dipolar and polarization potentials acts as a BY normalizing their relative attachment yields to reliable
“plack” sphere making the reaction cross section close tothermal attachment rate coefficierts(T=300 K) [27,28,
the elastic cross section. One might think that the extendelflar et al. determined the constant, in Eq. (4) and thus the
Vogt-Wannier model provides an upper bound for the crosgluantity o8 which is a direct measure of the limiting rate
section. However, by changing the parameters of the resaoefficient ke(E—0) [6,24—2§. For Sk, Schrammet al.
nance theory, it is possible to obtain even higher cross se¢23] recently measured the attachment yield at residual elec-
tions. tric fields of about 0.01 V/m and negligible laser bandwidth

To demonstrate this, we present in Fig. 2 the results ofor electron energies from 10 meV down to 2@V; they
R-matrix calculations with negative-ion curves that wereconfirmed the results of Klaet al. [6] for the parametep.
shifted down by different amounts. Physically these calcula+or CCJ,, the experimental energy resolution was not as high
tions approximately describe the solvation effects in attachzg for SE: at residual electric fields of about 0.5 V/m, the
ment to cIuster;{Zl]. The cross sections for the dlfferept effective energy width wasslightly below 1 meV [24].
solvation energies stay close to th? EVW resullts, but mlghE:orrespondingly, the extrapolation to the VW limit is some-
eydeT] e>f<c$]ed Fge”.‘- AT thehsBoIVﬁtlon energy increases, the, . ess certain than for $Fbut model calculations includ-
width of the vibrational Feshbach resonariR) grows. ing the residual fields and the cross sectidhyielded very
At ultralow energies this effect lowers the slope of the cross 00d aqreement between the modeled and the measured at-
section as a function of energy, although it remains some? greel . .
what higher than the slope of the EVW curve. Near the tachment yield for CGlin the thresho!d reglorﬁ24]. The
=1 threshold the effect leads to the disappearance of thglues forB, oo, andke(E—0), determined experimentally
VFR [21]. or .SFG (formation of Iong—llved Sk ) and CC}, (CI for-

The original VW theory, without accounting for the dipo- Mation, are summarized in Table |. For comparison we have
lar interaction, gives cross sections that are too low in thdiSted the VW result for the capture rate coefficiéqt

low-energy region. k.= 4m(alm)*?
C

V. ELECTRON ATTACHMENT TO MOLECULES —7.755¢10 %412 cnPs ! (a in atomic units,
WITHOUT PERMANENT DIPOLE OR QUADRUPOLE
MOMENT (27)

A. Electron attachment to Sk; and CCl, as well as rate coefficients, for Rydberg electron transfer
Both SK and CC), are among the few molecules for from Refs.[9,30,31 at high principal quantum numbers, at
which the Vogt-Wannier capture model should be applicablevhich k,,; was found to be independent mfor both Sk and
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TABLE I. Molecular properties and electron attachment charac-
teristics for Sk and CC}, at gas temperatures @f;=300 K. 10t
Property Sk CCl,
a (units ofa3) 4412 75.62
n (D) 0 0 103
ke (1077 cm®s™Y) 5.15° 6.74° =
ko (T=300 K) (107 cnms™ 1) 2.279) ¢ 3.7919) ¢ £
(electron swarms 2
Ky (1077 cmPs™h) 41) ¢ 11(2) f 2
(RET) é 102
00(1072° m? meV) 71303609 11160560 " g
B [(meV) ¥ i 0.228' 0.299' 2
B [(meV) Y2 0.40540) 9 0.596) " 5
ke(E—0)(10" " cm®s™?) 5.48) 9 12.319) " 107
aReferencd29].
bUsing Eq.(27) and polarizabilities in first column.
‘Referencd27].
YReferencd 28]. 109 b S
eReferenC(:{go]. 10-2 107 100 101 102
fRefer(}}nce{g]_ electron energy (meV)
9Referencq 6] (LPA).
hReferencd24] (LPA). FIG. 3. Electron attachment to §FSolid curve, the recom-
iCoefficient according to Klots formulég). mended experimental values; dashed curve VW, the prediction of

the VW model; dashed curve Klar, parametrization of Kdaral.
[6]. Note that the curve VW is indistinguishable from the Klots
CCl, (for a more detailed discussion of the RET data andresult, Eq.(3), on the scale of drawing.
their comparison with free-electron results, $26,31]).

For Sk, the RET value at highn k,=4.0(10) is unphysical. However, for sufficiently high it describes
x10 7 cm®s™! [30] and the LPA result forkes(E—0) quite well the probability of finding the electron within the
=5.4(8)x 10 ' cm®s™! [6] are both in satisfactory agree- molecule where direct energy exchange is likely to occur.
ment with the VW capture rate coefficierk,=5.15 For CCl, ky,=11(2)x10 ' cm®s 1 [9,31] and the LPA
x10 " cm®s™ . In Fig. 3 we present a comparison of the resultk(E—0)=12.3(19)x 107 cm®s* [7,24] are com-
experimental attachment cross sections with the VW resulpatible with each other, but they are both distinctly higher
[the latter is indistinguishable from the Klots res@t onthe  than the VW capture rate coefficientk.=6.74
scale of the drawinfy and with the empirical fit of Klaet al. ~ x 107 cm®s™ 1. This is demonstrated in Fig. 4 by compar-
[6]. The empirical fit gives a good description of the crossing the recommended experimental cross section with the
section up to the threshold for; vibrational excitation VW prediction and the parametrization of Klat al. [24].
where the cross section exhibits a sharp downward cusp d&he slope of the experimental curve is higher than that given
scribed theoretically by Gauyacq and Herzent&%j. by the VW model. Our discussion of methyl iodide suggests

Since in the case afwave scattering there is no centrifu- that this might be indicative of a weakly bound negative-ion
gal barrier to support the resonance state, the process of lowtate. Indeed, as was suggested by Burehal. [35], the
energy attachment in this case can be viewed as a diregiound A, CCI; state is bound with a very small binding
nonadiabatic capturg33,34. Attachment to Sf was dis-  energy, whereas the first repulsive excited stafe has a
cussed in terms of nonadiabatic coupling by Gauyacq andertical attachment energy of 0.94 eV. It is likely that the
Herzenberg32]. The low-energy electron can give up its 2T, state drives the resonant DA process whereas?the

energy to become bound if the crossing of the negative-ioRtate enhances this process at low energies.
curve with the neutral curve occurs close to the equilibrium

internuclear separation. However, there should be a mecha-

nism preventing the electron from escaping into the con- B. Ceo

tinuum. In the case of SRhis occurs due to a fast redistri- Low-energy electron attachment tgdhas been a subject
bution of the available energy over many vibrational modespf some controversy. Flowing afterglow/Langmuir probe
before the nuclear framework can oscillate back to its initial FALP) measuremen{s86,37 indicated that electron capture
configuration32]. The Sk~ anion becomes metastable, and by Cq, is characterized by an activation barrier of 0.26 eV.
this explains the nondissociative feature of low-energy atThis was interpreted asmwave process by Tosatti and Ma-
tachment to S§ Since the capture in this case is nonreso-nini [38] who showed that ams state of the G, anion is
nant, the VW model becomes appropriate. Of courserd 1/ prohibited by symmetry. Their calculations of the capture
singularity, which plays an essential role in the VW model,rates based on a finite potential well model are in good
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FIG. 4. Electron attachment to GCINotation is the same asin ~ FIG. 5. Cross section for electron attachment §g:0/W model
Fig. 3. for s, p-, d-, andf-wave capture.

agreement with the FALP measuremel#8,37, in terms of ~ They do not confirm the@-wave mode([38] and exhibit a flat
both the absolute magnitude and the slope of the rate depeflependence of the attachment rate on the principal quantum
dence on the inverse electron temperature which gives theumber of the Rydberg electron. In addition, a recent beam
magnitude of the activation barrier. experimen{44] with free electrons has found evidence of a

However, as noted previously by Huaegal. [39], the  zero-energy attachment procéssthin 0.03 eV} which does
model used in Ref(38], and later in[40], does not seem to Not agree with the FALP[36,37 and the earlier beam
represent the physics of the process correctly. First, it ignorel€t0,4] results. Several mechanisms fewave attachment
the polarizability of G, which is very large(558 a.u). Fur-  involving formation of weakly bound42] or virtual [45]
thermore, it regards the capture cross section as being idegtates of G, supported by the long-range polarization inter-
tical to the elastic cross section which is physically incorrectaction, have been discussed.
The simplest way to see this is by looking at the threshold Here we will compare the obtained experimental informa-
behavior: whereas the-wave capture cross section behavestion with the results of application of the VW model. In Fig.
as EY? at low energies, the elastigwave scattering cross 5 we present the=0 throughl =3 contributions to the cross
section is proportional t&?. The extra factorE®? in the  sections for capture by a target with the polarizability 558
elastic cross section appears because the electron has to t@. We see that the*? behavior for thep wave occurs
nel through the centrifugal barrier a second time when leavwithin a very narrow energy range: tipewave cross section
ing the interaction zone. Therefore the good agreement bepeaks aE=26 meV. This means that the experimental data
tween the FALP experiments and the calculatii88] seems of Elhamidi et al. [44] do not contradict the concept of the
to be fortuitous. p-wave process at low energies.. On the other hand, it is

Several beam measuremef39—41 also claim the exis- obvious that this behavior does not agree with the FALP
tence of an activation barrier with a height of 0.R4] or  results and earlier beam experimeft8,41], which are more
0.15 eV [39]. However the threshold detected by Huangconsistent with a-type orf-type behavior.
et al.[39] is likely due to experimental problems in penetrat- Recentab initio theoretical calculation$45] of elastic
ing to very low energies. The measurements of Jaffkal.  e-Cgg Scattering suggest that in the low-energy region this
[41] were reinterpreted by Webet al.[42] who concluded process is dominated by a virtual state in thesymmetry,
that they can only be understood if amwvave contribution or whose lowest partial-wave componentlis0, and a reso-
a resonance close to zero energy is present. Note that thmance state in thg, symmetry, whose lowest partial-wave
deconvoluted results iM1] were incorrectly shifted on the componentid=1. Therefore we can assume that the attach-
energy scale by 0.4 e\6ee Appendix irf42]), thereby sug- ment process at low energies is controlled by a combination
gesting a barrier; this, however, was an artifact of the deconef direct capture mediated by a virtual stéasémilar to low-
volution procedure if41]. energy attachment to gFand resonance capture into thg

The absence of an activation barrier is indicated by exstate. Theoretical calculations were performed at equilibrium
periments on Rydberg electron attachment §g(39,42,43.  nuclear configuration, and nothing is known yet about the
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FIG. 6. Cross section for attachment tg,CSolid line, calcu- FIG. 7. Rates for Rydberg electron transfer tg CSolid curve,

lation employing combination afwave andp-wave VW cross sec-  calculation employing Eq(28) with e=0.1. Dashed curve, the
tions, Eq.(28), with e=0.1. Dashed line, theoretical cross section same withe=0.2. Experimental data are those of Webeal.[42]
averaged over Gaussian profile with the width 50 meV. Dot-dashedsolid squares Huanget al. [39] (open circle} and Finchet al.
line, the same average of the cross section with0.2. Circles, [43] (open diamonds Experimental results of Webeat al. were
experimental data of Elhamidit al. [44], normalized to theory at normalized to the theoretical value at =109. All other experi-
E=0.2 eV. ments were normalized to those of Wels¢ral. at n* = 38.

vibrational dynamics involved. Therefore at this stage weover Maxwellian electron energy distribution and obtained
will try to describe the capture cross section by combiningrate coefficients that are nearly independent of electron tem-

the swave and the-wave VW cross sections, and o perature, whereas the FALP experiments exhibit an increase
of an order of magnitude over the range 300—1500 K.
o=cC(eogt+aq), (29 Note that only 1-2% ¢e=0.01 or 0.02 of the swave

VW cross section appears to contribute to the capture pro-
wherec and e are adjustable parameteescharacterizes the cess, in contrast with attachment togSRpparently the sta-
relative contribution of thes wave, andc the absolute value bilization mechanism discussed for gSB not as efficient for
of the cross section which can be estimated from experimerSgg. The 1-2 % fraction can be considered as an efficiency
tally obtained attachment rat€39,42,43. for conversion of the &, virtual state into a bound state,

In Fig. 6 we present the attachment cross sections calcisomething similar to the survival probability in resonance
lated withc=€=0.1. The s-wave zero-energy peak domi- attachment.
nates the cross section at very low energies below 3 meV. As In Fig. 7 we present the attachment rate for Rydberg elec-
a result of insufficient energy resolution, the beam measurerons calculated by using the Fermi free-electron m$de|
ments[41,44] in the low-energy region are dominated by the with semiclassical electron velocity distributiofsee, e.g.,
p-wave contribution. To compare with the experiment of EI-[26]). The swave contribution dominates ai>60 and
hamidi et al. [44] we have averaged the calculated crossmakes the rate as a function messentially flat. The overall
sections over a Gaussian distribution with a width of 50increase of the experimental rates toward loweis de-
meV. The width was obtained from an analysis of the SF scribed well by the theory. However, the free-electron model
yield measured if44]. To illustrate the influence of the does not reproduce the stepwise structure in the region
s-wave contribution, we also present the averaged cross see=30. Apparently the influence of the Rydberg core, which
tions calculated witte=0.2. Further increase of trewave can mediate formation of & via a curve-crossing mecha-
component leads to rates in the meV region which are tomism [48], becomes important in this region.
high compared to the experimental estimdt&s,42,43. We think that the following conclusions can be drawn

The theoretical curve is somewhat shifted toward higheifrom the above comparisons. First, the result of the recent
energies relative to the experimental curve, but this shift ideam experimertd4] is consistent with a dominamtwave
within the experimental uncertainty of the absolute energycapture process. In the meV energy rarsgsave capture,
scale in[44]. Otherwise agreement is good, and this indicateossibly mediated by a virtual state, becomes important, and
the dominance of the resonapiwave process from above this is demonstrated experimentally by the results on Ryd-
about 3 meV. At higher energies other resonances found iberg electron capture at high The temperature dependence
Ref. [46] appear to drive the attachment process. We havef the attachment rate coefficient observed in the FALP ex-
done a similar comparison with the results of Jaffteal.  perimentd36,37] is not in accord with the combinedandp
[41], as revised by Webeat al. [42], by averaging the theo- model. Possibly, the electron energy distribution in the
retical cross section over a Gaussian distribution of widthtemperature-variable FALP apparatus is not completely ther-
200 meV. The position of the experimental peak is shiftedmalized and short of low-energy electrons. Another possibil-
toward somewhat higher energy in this case. To compargy is a significant dependence of the negative-ion yield on
with the FALP data, we have averaged the theoretical resultshe rovibrational temperature ofsg The G temperature in
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the free-electron and Rydberg electron beam experimentghich increases the attachment probability. Therefore the at-
[39-44 is between about 600 and 940 K. In the FALP ex-tachment cross section exceeds the VW result in this case.
periment G, was vaporized at a temperature of 700 K, butThe exothermic resonance path makes low-energy attach-
the temperature of the attachinggGnolecules was uncer- ment to CC} dissociative(production of CI').

tain, “presumably less than 700 K and probably close to the The situation with polar molecules is somewhat different.

carrier gas temperature of 300 K'37]. The case of DA to CHl discussed above is described very
well by resonanc®-matrix theory. However, at very loyor
VI. CONCLUSIONS near-thresholdelectron energy an alternative approach in-

) ) corporating nonadiabatic capture into a diffuse dipole-
The VW and EVW models in many cases give reasonabl@upported bound state might be valid. In fact this state ap-
estimates for attachment cross sections, and for thet&8F pears as a vibrational Feshbach resonaficd near the
get the VW prediction is in fact in very good agreement withthreshold for excitation of the symmetric C-I stretch. There-
experiment. One may ask whether these models refle_ct th®re it might be not surprising that the EVW model, in con-
physics of low-energy attachment, or whether they are just &ast to the local approximatiofl), gives a reasonable order-
convenient way to interpolate the cross section between thgf.magnitude estimate for the cross section in this case. Both
threshold behavior and the unitarity limit. Indeed, DA is mechanism$resonance and nonadiabatic Cap):m incor-
typically a resonance process, and any equation for the DAyorated into theR-matrix formalism. In particular, at ul-
Cross section Sh0u|d contain the resonance W|dth, I|ke thﬁ'a|ow energies thé&R-matrix theory becomes equiva|ent to
O’'Malley formula, Eq.(1). The VW formula, which is actu-  the effective-range theor}82,34 that was used to describe
ally an equation for the capture cross section, does not coRhe nonadiabatic attachment process.
tain a width. In most cases the VW-type formula works as an |t js important to emphasize the difference between the
empirical fit, Eq.(4), in contrast to the Klots formula, E@)  nonpolar target SFand the polar target Citt In the former
(basically equivalent to the original VW resyltvhich does  at yltralow energies nonadiabatic capture into the weakly
not contain adjustable parameters. bound state is nondissociative. In the latter the diffuse
However, our discussion of low-energy attachment forgipole-supported state has a short lifetime with respect to
several molecules shows that the VW and EVW models Cabredissociation into the valence state of {LH
be employed when the process is controlled by nonadiabatic The analysis of available experimental data for free-
capture into a weakly bound or virtual state. This mechanisng|ectron and Rydberg electron attachment tg Suggests
certainly plays a role in attachment toSFCCly, and CHI,  that at very low energieswave capture, possibly mediated
and, very likely, in attachment togg. by a virtual state, is important, and thapavave process is
Another good example is electron attachment to metaljominant above about 3 meV. The p-wave capture model, in
CIUSterS[49]. In this case the nonresonance Capture appealsntrast to what has been claimed in Ré‘%,:;ﬂ, cannot
to occur in many partial waves. The summation of VW crossexplain the observed strong temperature dependence of the
sections over all contributing partial waves yields a resultattachment rate. This dependence is also not compatible with
that, at high enough energies, is close to the well-knownhe near-threshold findings of the beam experiments. Further
Langevin cross section for capture of a classical parf®®  experimental studies, also addressing variation of the rovi-
brational temperature of g, are needed to clarify the situ-
oo(E)=m(2alE)Y2 (29 Dral P & fy

[Itis interesting that the classical capture cross section equals
exactly half of the low-energy limit of the VV§-wave cross
section, Eq.(2), as emphasized by Vogt and Wannjéi]. This work has been supported by the U.S. National Sci-
Equation(29) describes very well the experimental resultsence Foundation through Grant No. PHY-9801871 and the
[49] for attachment to sodium clusters. The mechanism foDeutsche Forschungsgemeinschaft through Forschergruppe
nonresonant nondissociative capture might be enhanced Niederenergetische Elektronenstreuprozesse. The authors are
this case due to the much larger number of degrees of fregyrateful to P. D. Burrow, J. Pommier, and M.-W. Ruf for
dom in clusters. However, it has not been studied yet hovétimulating discussions and for providing data in numerical
the excess energy is redistributed in this process. form. LI.F. thanks the members of the Forschergruppe for

In the case of CGlwe have—in addition to the CCl  their hospitality during his stay at Fachbereich Physik of the
symmetric ground statéA,; [35], whose binding energy is University of Kaiserslautern where this work was initiated
close to zero at equilibrium—a resonané&, state[35] and partly accomplished.
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