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Dissociative electron attachment and vibrational excitation of H by low-energy electrons:
Calculations based on an improved nonlocal resonance model
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An improved nonlocal resonance model proposedCiek, Hor&ek, and DomckgJ. Phys. B31, 2571
(1998)] is used for the calculation of cross sections of electron dissociative attachment and vibrational excita-
tion of molecular hydrogen by the impact of low-energy electrons in the ranﬁﬁ;dfesonance. The model is
based omab initio data and takes full account of the nonlocality of the effective potential for the nuclear
motion. The dissociative attachment cross sections and rate constants are calculated for all target Btates
of relevance and compared with other theoretical and experimental data. It is found that the present dissociative
attachment cross section calculated under the conditions of the experiment carried out by Schulz and Asundi
reproduces the larger of the two values proposed by them, i.e<-Z0& cn?. A detailed discussion of the
dissociative attachment cross section as a function of the vibrational and rotational target states is given. Very
narrow peaks, with a width of 1 meV, are observed in the dissociative attachment cross section for large values
of the orbital quantum numbel. These structures are interpreted as shape resonancest+id Eollision
dynamics. It is shown that for large values bfotational excitation of the hydrogen molecule enhances the
dissociative attachment more efficiently than vibrational excitation. The largest dissociative attachment cross
section of 28.% 1076 cn? is obtained forv=1 andJ=29. The process of vibrational excitation will be
discussed in a separate paper.
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[. INTRODUCTION The production of H in the procesg+H,—H+H™ was

first observed by Kchvostenko and Dukelskij almost 50 years

ago[8] and studied later in detail by Schul@] and Schulz

e+ Hyv;,J) - H+H, (1) and Asundi[10]. It was found that the DA cross section

peaks at 3.75 eV with a magnitude of about3A2; two

higher peaks are observed at energies of 8 eV and 14 eV.

H+H — e+ Hyvs,Jp), (2) The magnitude of the low-energy peak is measured relative

L i to the strong 14-eV peak, for which two values were reported

and vibrational excitatioVE) [10]. Consequently, two values of the magnitude of the low-

e+ Hy(v;,J,) — e+ Hy(vs,J;) (3) energy DA cross section are found in the literat(it@®):

- . L , 1.6x10°° A2 (this generally accepted value is based on
play a decisive role in many applications. In astrophysics, forRapp’s measurementll] of the 14-eV peak and 2.8

example, it is assumed] that the process of AD is respon- 155 A2 pased on the measurement of ScH9iz An ex-
sible for the creation of the hydrogen molecule n earlytraordinarily strong isotope effect was observed in this en-
stages of the development of the Universe. The existence rgy range by Rappt al.[11] and Schulz and AsundiL2].
molecular hydrogen represents a very efficient coolingrpe gshape of the DA cross section was remeasured recently
mechanism of hot matter which eventually leads to the creby Drexel et al. [13]. The DA cross section at higher tem-
ation of stars, galaxies, etc. It was sugge$&@| that DAL0  noraryresT=1400 K for H, and 1350 K for B, was mea-
vibrationally excited molecular hydrogen plays an importantg,req py Allan and Wong14]. The DA cross section was
role in molecular-activated recombination in fusion d|vertorf0und to increase very rapidly with increasing temperature
plasmas. This process is also believed to be the primary,qicating a strong dependence of the DA on the vibrational
source of negative-ion production in low-density hydrogenquamum number of the target.
plasmas; see, e.d4-6]. _ _ A large effort has been devoted to the development of a
In addition, these processes are of importance in gas |peqretical description of the DA, AD, and VE processes,
sers, planetary atmospheres, etc. The inelastic electron scaly, oing from simple phenomenological models to elaborate
tering from H, may also have some significance for the un-p,qqels involving all essential ingredients of the processes, in
derstanding of molecular conductar{ag. particular also the nonlocality of the effective nuclear poten-
tial stemming from the breakdown of the Born-Oppenheimer
approximation during the energy transfer from the electronic
*Electronic address: horacek@mbox.troja.mff.cuni.cz degrees of freedom to the nuclear motion. A vast literature is

The processes of dissociative electron attachr(i@At)

associative detachme(D)
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devoted to the theoretical study of the DA process in molecuealculations. It is found that there are significant discrepan-
lar hydrogen(see[15] for a recent review Although there cies among the various theories as far as the ground-state DA
were some attempts to describe the process directly using theoss section is concerned. In Sec. IV, narrow resonances
zero-range potential approximatiofil6] or the frame- found in the DA cross sections of highly rotationally excited
transformation method17], most of the calculations were H, are discussed. Section V is devoted to the study of isotope
based on the assumption that a metastable anion(ste@e  effects. The results are summarized in Sec. VI. The model
resonancgis formed during the collision. The initial studies sed for the calculations is described in detail in the Appen-
employed the local-complex-potential —approximation yix The process of vibrational excitation of hydrogen by

[18-23. The data of local-complex-potential calculations gjectron impact will be addressed in a separate paper.
with a semiempirical potentidll19,22 are used for plasma

modeling[24] up to date. In the work of Domcke and col-
laborators [25,26 the vibrational dynamics of 5 was Il. BASIC THEORY
treated using the nonlocal energy dependent effective poten-
tial, resulting from the use of the Feshbach projection opera-
tor formalism, without any further approximations. The time-  The nonlocal resonance model is based on the assumption
dependent version of the theory was also derived and used that a temporary molecular negative-ion statsonancgis
calculate DA cross sections for,Hi27,28. It was found that  formed and that this resonance accounts for the coupling of
the cross section for DA to the ground state of the hydrogemhe electronic scattering dynamics with the nuclear motion
molecule differs from the one obtained within the local Com'(see[26] for a Comprehensive reviewThe resonance is rep-
plex potential approximation by one order of magnitude.resented by a square-integrable discrete stajewhich in-
Since it is time Consuming to treat the dynamiCS USing tthracts with a continuum of Scattering Stateg) via cou-
full nonlocal potential for many rovibrational states of the pling matrix elementd,,. Note that the discrete stalig,) is
target molecule, some approximations halfway between thgyplicitly removed from the continuum using the projection
nonlocal resonance description and the local complex poteryperator formalism. The statésy) and|e,) are assumed to
tial approximation have been derivgZD-31. The semiclas- pe diabatic states; that is, their wave functions should vary
sical version of the nonlocal resonance theory has also be&finoothly with internuclear distané Their derivatives with
derived by Fabrikant and co-workers and applied to calculateespect toR can then be neglected in the spirit of the Born-
DA to a rovibrationally excited bimolecule[15,32-36. Ef-  Oppenheimer approximation. The essential ingredient of the
ficient numerical methods which account fully for the non-nonlocal resonance model is the explicit consideration of
local effects for arbitrary rovibrational states of diatomic threshold effects which enter through the threshold expan-
molecules were developed and implemented by the presegjon of the energy-dependent width function
authors[37-39.

It is the purpose of this paper to present the results of [(e) = 27|Vy,|? (4)

calculations of a complete set of cross sections of DA an%]nd the associated level shif(z) [26]. The behavior of the

VE processes based on the use of the improved nonloc . S ,
resonance modeINRM) of Cizek, Hor&ek, and Domcke _?Unctloq [(e) clos_e to origin Is determ|-ned by long-range
interaction potentials of the electron with the molecule. In

[39]. This models differs from previouab initio—based the case of electron scattering from thgiRlits XlEQ ground

”°'?'°.° al resonance modef85,27 by a more ac_curate de- state, the negative-ion resonance i§2)j symmetry and can
scription of the long-range part of the,Hpotential-energy decay by releasing electrons with odd angular momenrtum

function [40]. The paper39] was focused on the AD pro- . . .
cess, which has not been studied with a nonlocal resonan(%:z 31?22?;3 It:vavt(;cf\r/\}iz\ave??relé%ﬁ/sieﬁjr!y1 Is Important.

model before. Since the model represdtisour knowledge

the most accurate treatment of the dynamics of the vibra- ['(e) ~ &%? (5)

tional motion of the H™ collision complex, we found it use- ] )

ful to present and discuss a complete set of data for inelast®r € — 0. There is another resonanceaf; symmetry asso-

low-energy electron Kiscattering within this model. ciated with the H+H asymptote. However, its potential-
The present work is published in two parts. The process ofnergy function is repL_JIswe and we neglect_lts influence on

DA is discussed in the first part, while vibrational excitation lOW-energy cross sections. The effect of this resonance on

is studied in the second part. We will refer to these parts a§1e scattering cross section has been studied within the local

papers | and Il in the following. Paper | is organized ascomplex potential method if20] and was found to be im-

follows. The basic theory and the numerical methods useg@ortant only for electron energies>6 eV. _

are briefly explained in Sec. Il. Section Il contains the main  The basic equation of the nonlocal resonance theory is the

results of the present work. The role of target excitatian ~ €guation for nuclear_ motion in the short-lived anion state

tational and vibrationalon the DA cross section is dis- described by the projection of the full wave function of the

cussed. The calculated cross sections are compared with tR¥Stem on the discrete stg26]:

experimental data of Schultz and AsuridiD] and Drexelet W) = (o W) 6)

al. [13]. The temperature effect on DA is also discussed and d d '

the calculated cross sections are compared with the expeiith the double-ket)) notation we want to emphasize the

mental data of Allan and Wonfd.4]. Finally, the present DA fact that the full wave function contains both electronic and

cross sections are compared with the results of several othauclear coordinates as dynamical variables, while the elec-

A. Description of the DA process
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tronic coordinates are absent in the projected wave function 51
|¥). The form of the equation of motion fdWy) depends
on the boundary conditions which are different—for ex-
ample, for electron-molecule scatterifeH,) and ion-atom
scattering(H™+H). In the case of the DA process, it is sim-
pler to calculate the cross section from the wave function
fulfilling the outgoing wave boundary condition for the H
+H channel. The equation of motion in its integral form then
reads[26]

Cross section (107 m?)

) =)y + G(E)[ Vg + Filly), (7) 1

Where|¢/xj> is the jth component of the partial-wave expan-

sion of the wave functiofi¥y) andVy is the diabatic poten- o L, . . . - .
tial energy for the discrete stalfig). The wave functiori¢;) 35 4 45 5 55 6

and the Green’s functio;(E) are known solutions for the E@EV)

free motion of the nuclejsee[39] for detailg. The action of ) o _

the nonlocal energy-dependent potenﬁgln the coordinate FIG. 1. Calculated dissociative attachment cross section for the
representation is target state»=0, J=0.

D — , e W (B (D V4(R) for largeR [39] has been recovered from accurate
Fiti®) _J aR f deVa(RIG(E = &,R ROV, (R (R, initio calculations[40] of the H,” potential energy function.
8) All parameters of the model are thus determinedbyinitio
calculations. For convenieng¢and to correct some misprints
g;(E) being the partial-wave component of the Green’s func-n [25]) we provide a complete description of the model in
tion for the adiabatic motion of nuclei in the ground-statethe Appendix.
potentialVy(R) of neutral H. The non-Hermitian operatd;

is the nonlocal energy-dependent effective potential which B. Numerical methods
accounts for the decay of the discrete electronic state through Th | ¢ O (R | db
the coupling with the electronic scattering continuum. e nuclear wave functiolVy(R) is represented by a

The cross section for DA of an electron of enetgyto a partial-wave expapsion with res_pect to rotatiqnal angular
molecule in the vibrational stafg”) with the energyE’ is ~ momentum. The Lippmann-Schwinger equaigis solved
: ! ! for the individual partial-wave component@(R). For this
given by[26] - ) . .
purpose, the efficient Schwinger-Lanczos continued-fraction
4 L2 method[42] is employed. The Green’s functiay in Eq. (8)
e ‘<l’//j|vd5i|Xj>| : © is expanded in the basis of eigenstated/gfR) including a
o discretized continuum. Typically much fewer than 100 states
Here the total energf equals the sum of the initial electron are needed to get converged results. A more detailed descrip-
energys; and the energy of the initial molecular stafp tion of the numerical procedure is given[89]; see alsq38]
In the above description of the dynamics we neglected theor further developments of the method. The high efficiency
coupling of the angular momentuhw 1 of the electron with  of this method allows the cross sections to be calculated on a

the angular momentum of the nuclear motion. The elec- very fine mesh of collision energies for many channels.
tronic and nuclear angular momenta are thus conserved. This

is a go_od approximation as the consequence of.the large Il DISSOCIATIVE ATTACHMENT CROSS
mass difference of electrons and nuclei. In the previous work
; . SECTIONS

[39] we have included angular momentum recoil. We found
only a small effect on the final integral DA cross sections A. Target molecule in the ground rovibrational state
which lies within the difference between the cross sections
for angular momentunj and j+1. Let us stress, however,
that thep-wave character of the resonance is contained in th
threshold behaviot5) of the discrete state-continuum cou-
pling.

The nonlocal resonance model is characterized by th

opale) =

The calculated DA cross section for the ground rovibra-
tional state of the hydrogen molecule is shown in Fig. 1. The
A cross section is rather small, reaching a peak value of
about 5<10°° A? at the threshold. The cross section has a
near-perpendicular onset, followed by an exponential de-

three functions Vy(R), V4(R), and Vg4 (R). The target rease.

potential-energy functiorVo(R) can directly be obtained o o

from ab initio calculations. The function¥y(R) andV,,(R) B. Role of vibrational excitation of the target
representing the J resonanceat short internuclear dis- It is well known[21] that the magnitude of the DA cross

tancg and the H  bound stateg(at intermediate and large section in the low-energy range increases rapidly with in-
internuclear distancg$iave been obtained using the projec- creasing vibrational quantum number of the target molecule;
tion operator formalism[25,4]. The potential function the magnitude of the DA cross section increases by nearly
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FIG. 2. Calculated DA cross section for a set of initial vibra-

) ) FIG. 3. Calculated DA cross sections far=0 and J
tional target states. The rotational quantum number Jjs0.

=0,1,...,30.

five orders of magnitude from=0 tov=8-9.This feature more efficient than the vibrational heating. The largest DA

can be used, for example, as a diagnostic tool for the detegyoss section predicted by the present model arises#dr,
tion of vibrationally excited hydrogefd3—47 and also ex-

! ! ) . ! i J=29 with a peak value of 28.3%%at E=134 meV. At this
plains the high current of Hions in H™ production devices.

! N | Hion > energy the DA process is exothermic; see Fig. 5. The highest
This feature is illustrated in Fig. 2 where DA cross sectionsgross section for an endothermic DA process is obtained for

calculated by the present theory are plotted for a series qf=2 j=23. This reaction opens at 113 meV and the cross
initial vibrational statesy=0—-11. section reaches the value of 20.% At 249 meV. The
maxima of DA cross sections for allare given in Table I.
The third column in Table | denotes the energy at which the
It is generally accepted that the effect of rotational exci-éSPective DA cross section attains its maximum.

tation on the DA cross sectioop, is comparatively small

and that the effect of vibrational excitation is responsible for . . .

the observed increase afy, with temperature; see, e.g., D. Comparison with experiment

[48]. The effect of rotational excitation of the target as ob- The first measurement of the DA cross section gfiki
tained by the present method is shown #er0 in Fig. 3. As  the 4-eV region was carried out by Schulz and Assyhd].
in the case of vibrational excitation, the DA cross sectionH™ formation was observed with a very sharp onset at an
increases with increasing rotational quantum number electron energy 3.73+0.07 eV. The measured cross section
In Fig. 4 we analyze the relative sensitivity of the DA was found to be small, of the order of P0A%. The magni-
cross section on vibrational and rotational excitations bytude of the 4-eV peak was measured relative to the height of
comparing several DA cross sections with nearly identicathe 14-eV peak. Schulz and Asundi found that the ratio of the
threshold energies. The DA cross section for the staté,  magnitudes of the two peaks is approximatively 8%. Two
J=0 is indeed much larger than the cross sectionvfed,  absolute measurements of the 14-eV peak exist in the litera-
J=8. This is true only, however, at low values of the rota-ture. A value of 3.5<10* A2 has been measured by Schulz
tional quantum numbed. With increasingJ, the DA cross  and Asundi[9], while a value 2.k 104 A? was obtained by
section changes its form; the onset becomes smooth and tiappet al. [11]. As a consequence of this uncertainty, two
cross sections attain their maxima at energies above thealues of the peak cross section—namely, 2185 A? and
threshold. With increasing, the rotational heating becomes 1.6x107° A?, exist in the literature. The measurement of

C. Role of the rotational excitation of the target
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a) 30
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s 515
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o Z2 10
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0
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0 i . . '
b) 0 0.5 1 1.5 2
E (eV)
12 v=8,J=3 ——
Tl o M FIG. 5. DA cross sections for rotationally excited hydrogen mol-
s i ecules. The largest DA cross section is obtainedvfef. and high
S 8 rotational states.
£ 6
8 . peratureT=400 K and convoluted with the energy resolution
g of 0.2 eV according td13]. As it should be the calculated
) DA cross section agrees very well with Drexell in the low-
0

energy region and with Drexel2 at higher energies.

0 05 1 15 2 25 3
E (eV) E. Temperature effect

FIG. 4. DA cross sections for several excited target states with Exp_e rlmentall_y,_ I IS d'f.f|CU|t to prepare the target mol-

nearly identical threshold energies. equle in a spgcmc V|brat|(_3nally exqted stgte. However, a
mixture of excited states with populations given by the Bolt-

Schulz and Asundi was done at a temperature of about 300 gmann distribution can be prepared by heating the target gas.
with an energy resolution of about 450 meV. If our cross The DA cross sections at higher temperatures were measured
section is evaluated at this temperatumad convoluted with By Allan and Wong[14]. The measuredrelative) cross sec-
the assumed experimental energy resolution, we obtain #ons are compared with the calculated ones in Fig. 8 for H
value of 2.85< 105 A2, in full agreement with the measure- and in Fig. 9 for B. The experimental relative cross section
ment of Schulz and Asundil0], provided we accept the are normalized to calculated absolute values at the peak
larger experimental value; see Fig. 6. value. An almost perfect agreement can be obtained by as-

It has been known for a long time that the shape of theSUming a temperature which is higher than that specified by
measured DA cross section does not agree with the shape experiment. The dashed line was obtained for the tem-
predicted by any of the proposed theories; all calculated DAerature of 1670 K in the case oftnd for 1550 K in the
peaks were broader than the measured peak. The shape of ##S€ 0f B. At higher energiegabove about 3.8 eMhe cal-
DA cross section in the 4 eV region was recently remeasuregulated cross section is higher than the measured one even at
by Drexelet al. [13]. They found that in the experiment of the increased temperature. This may reflect the problem of
Schulz and Asundi the extraction field used to collect thdow detection efficiency for higher ion energies discussed by
emerging negative ions was too low to collect all of them. IfDrexelet al.[13] and mentioned in the previous section. This
a higher extraction field is applied, the DA peak gets broadefMay also explain the difference in the temperatures, since the
in full agreement with the calculations. This is demonstratedneasured cross sections for each excited state may be too
in Fig. 7, where we show different measurements normalize@arrow, thus lowering the summed cross section at the posi-
to the peak value of the theoretical cross section to reveal tH#on of the main peak. We tried to compensate for such an
differences in the cross-section shapgetere the experimen-  affect including different detection efficiencies for” kvith
tal cross section denoted as Drexell was obtained with a loffifferent energies into our calculation. We found that such a
extraction field; the Drexel2 cross section corresponds to godification can slightly improve the disagreement in tem-
higher extraction field. For details, see the original papeiPeratures, but it cannot explain difference of several 100 K.
[13].) The theoretical cross section is calculated at the temFllJJIrther experimental investigations would be highly desir-

able.

1. . . . P
The cross section is cglculated by averaging the individual DA F Other theoretical data
cross sections of rovibrationally excited states over the Maxwell-

Boltzmann distribution for a given temperature. Excited states do Figure 10 gives a comparison of selected theoretical DA
not contribute significantly for 300 K. cross sections of Hin its ground rotational and vibrational
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TABLE |I. Maximum DA cross sections for individual states
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. X . . H, F T=300K -------
(v,J). The threshold energies are given in the third column. In the 5\ T=300K resolution 50 meV ------
fourth column the energy at which the cross section attains its maxi- : \ T =300K resolution 450 meV
mum is given. NTE‘
8
J v Eir (8V) Emax (€V) Cross sectiorfA?) % 3
=}
0 8 0.396 0.402 6.688 '%
1 8 0.387 0.393 6.716 52
2 8 0.370 0.376 6.764 5
3 8 0.343 0.349 6.818 !
4 8 0.309 0.315 6.847
5 8 0.266 0.272 6.785 Y T T T T
3 35 4 45 5 55
6 8 0.216 0.262 6.593 Electron energy (V)
7 7 0.453 0.460 6.939
8 7 0.384 0.390 7.276 FIG. 6. DA cross section in fcalculated for the temperature
9 7 0.309 0.315 7.477 T=300 K with three energy resolu_tions of the electron beAlE_:
10 7 0228 0244 7976 =0, 50, ant_j 450 meV. In the experiment of Schulz and As(ihai
the resolution was 450 meV.
11 6 0.440 0.446 7.630
12 6 0.341 0.347 8.207 This feature is reflected in the increase of the DA cross sec-
13 6 0.238 0.245 8.208 tion near threshold. The calculation of Fabrikasttal. is
14 5 0.435 0.441 8.498 based on a similar treatment of the nonlocal dynamics, but
15 5 0.316 0.322 9.452 the parameters of the model are slightly different and the
16 5 0.194 0.201 9.301 semiclassical approagh5,32 is used for the solution of the
17 4 0.374 0.381 10.52 dynamical equation. The cross section of Gauygd] has
18 4 0.239 0.245 11.50 been qbtalned by a completely different approach. This
19 3 0.414 0.430 1163 _theory is based on a zero-range mode_l for Fhe electron- H
interaction and a resonance is not explicitly introduced. The
20 3 0.265 0.281 15.08 parameters of the zero-range model have been partly taken
21 3 0.116 0.132 17.16 from ab initio calculations and partly fitted to reproduce the
22 2 0.238 0.330 17.80 experimental cross section. The theory of Bardsley and Wa-
23 2 0.113 0.249 20.10 dehra[19,2Q uses the local approximation and the param-
24 2 0.0 0.159 2214 eters are fitted to the experimental data. Finally, the calcula-
25 2 0.0 0.101 21.97 tion of Hickman [29] treats the nonlocal problem in the
approximation of open channels. The nonlocal complex po-
26 ! 0.0 0.320 2031 tential is determined from thab initio data of[25]. This list
21 L 0.0 0.262 24.12 of calculations is not complete; see, for exampl,,23,36.
28 1 0.0 0.197 26.97
29 1 0.0 0.134 28.32 5
30 1 0.0 0.095 26.70 Theory —
Drexel 1 ====--=
- 4 Drexel 2 ewemerer
states. The calculated cross sections are denoted as follows: QE
(a) present results(b) Bardsley and Wadehrfl9,2Q, (c) '2 3
Fabrikantet al. [15], (d) Gauyacq[16], (e) Gertitschke and =
Domcke[28], and (f) Hickman[29]. The shape of all cross S
sections is very similar: a near-vertical onset followed by an 3 2
exponential decrease. The peak values of the cross sections, 2
however, differ significantly, ranging from 1:6107° A2 to 8
5% 107> A2, The largest value is obtained by the presamt 1
initio calculation(solid line). Next to it is the DA cross sec-
tion of the nonlocal resonance model of Gertitschke and 0

Domcke[28]. Both calculations treat the process on the same
level of theoretical description, but in the present model the
long-range part of the H+Hpotential at large and interme-
diate distances is more accurate. The long-range Hpdt

E(eV)

FIG. 7. Comparison of the shape of the DA cross section be-

tential of the present model is more attractive than the intertween the present theory and experiments of Schulz and Asundi
action of the older model of Gertitschke and DomdRé&]. [10] and Drexelet al. [13].
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5
experiment ¢
6 1 Theor};/ 1400K H,
Theory 1670K - H
¢
4
NE NE
g £
& 2 5
1
0 r - . . : 0
2 25 3 3.5 4 35 4 4.5 5 5.8
Electron energy (eV) E (eV)
FIG. 8. Calculated DA cross section of, for two temperatures, FIG. 10. Theoretical cross sections for DA to the ground target
in comparison with the experimental data of Allan and Wong, forstatev=0 andJ=0. (a) Present resultgb) Bardsley and Wadehra
T=1400 K. [19,20Q, (c) Fabrikantet al. [15], (d) Gauyacq16], (e) Gertitschke

and Domckg 28], and(f) Hickman[29].

All the theories mentioned above predict an increase of
the DA cross section withy, but the extent of the increase Presentresultfi.e., opa(J)/opa presentd)]: (8) present results
differs significantly from theory to theory. Usually, the de- defined as unityb) Launayet al.[23], case V1(c) Bardsley
pendence of the DA cross section oris plotted on a loga- and Wadehrg19,2q, and(d) Launayet al. [23], case V2.
rithmic scale, which blurs the differences among the differenAgain the trends differ, significantly from theory to theory. It
theories. To exhibit more clearly the differences among thds noteworthy that the other theories predict a less pro-
existing calculations we plot in Fig. 11 the peak values of thehounced enhancement of the DA cross section Withan
DA cross sections calculated by various theories relative tghe present calculation. Both nonlocal effects as well as dif-
the present result§i.e., opa(v)/Tpa preserfv)] ON @ linear ferences in the long-range part of the Hpotential-energy
scale for a range of vibrational target state®: present re- function in the earlier calculations may be responsible for
sult, (b) Hickman [29], (c) Fabrikantet al. [15], and (d) this effect.
Bardsley and Wadehrgl9,20. The dependence of the DA
cross secti(_)n om differs very much from theory to theory. IV. ORBITING RESONANCES IN DA
This behavior deserves further study.

In Fig. 12, the dependence of the peak value of the DA Resonance theories often use the local complex negative-
cross section on the rotational quantum numbef the tar-  ion potential for the interpretation of the results. The math-
get obtained by various theories is plotted relative to theematical relation of this potential to model parat¥fs Vg,

andVy, has been discussed elsewhf?6,39. The real part
10

Experiment ¢ ;
Theory 1350K D2 (\i
Theory 1550K s >
] b) —»—
. c) —w—
® =] o d) —e—
g g
p e
g ¢ : .
§ o0 2
4 o 3 2 _
g ; g
e} % z .
210 N, 3
£ o“""...
S N .
’ : . ; ' ' 01 2 3 4 5 6 7 8 9
2 2.5 3 35 4 Vibrational quantum number v
Electron energy (eV)

FIG. 11. Calculated peak values of DA cross sections plotted
relative to the present resultrpa(v)/ opa presenfv)] for a set of
vibrational states. (a) Present resulib) Hickman[29], (c) Fabri-
kantet al. [15], and(d) Bardsley and Wadehid.9,2Q.

FIG. 9. Calculated DA cross section of br two temperatures,

in comparison with experimental data of Allan and Wong, Tor
=1350 K.
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a) —— -
a b) —— «
C) — ~
g - @ —e— % -
b5
g . 2 -
g S E —
3 =
o 2 € «
é (=] % h
+ [~
< 3
Q <
o .
0 2 4 6 8 10 12 14
= . . Internuclear distance (a.u.)
] 5 10 15 20
Rotational quantum number J 3 J=23 —mmmmmm
OUTER BARRIER 13> i
FIG. 12. The role of rotational excitation of the target on the & < E J=21 e
peak DA cross sections plotted relative to the present redaits: Ea =
Present resultgb) Launayet al. [23], case V1,(c) Bardsley and g . 1.8
Wadehra[19,2Q, and(d) Launayet al. [23], case V2. = E
e~}
. . =}
ViedR) Of this potential corresponds to the energy of the & 3 % Vo (R) + I+ 1)/2mR?
negative-ion resonance state at short internuclear distances &
and to the energy of the bound state at large distances. The o
latter exhibits the polarization formG;R™ at largeR. Con- % 5 10 15 20 25 30
trary to the vibrational excitation of the target, which essen- Internuclear energy (a.u.)

tially only puts energy into the system, the rotational excita-

tion changes the underlying interactions by adding thq RPN
centrifugal termJ)(J+1)/R? to all radial potentials. Owing to 9°a| resonance .quel far=0: Solid "n.e' resonance-state pOt?n'

. . . . . . _tial. Dashed line: discrete-state potential. Double-dashed line: mo-
th.ls ”.“Od'f'ca.“o”’ all potentlz_il curves shift to_ higher ENergI€Sqcular ground-state potential. Lower part: real part of the negative-
with |ncreaS|_ngJ and a barrler develops at intermediate in-ion potential for three values g J=22, 23, and 24. Two types of
i/er(r:?gCI\e/a(rR;jlsatgg(\:/eSs(.Rl)no[f:%elr?],o gglpgrrep;gt{tetgiogmgm'alﬁarriers are recognized as indicated. Outer radius of the autodetach-

O\TYy VdllYs re - ment region is marked by the vertical line.

In the lower part of Fig. 13, the real part of the negative ion ’ Y

potential,V,.{R), is plotted for three values af J=22, 23, function is found from Eq(7) with an outgoing boundary

24. Two types of barriers are recognized: the centrifugal barcondition, which means that the normalization for laRyées

rier at a distance of about 15 aanly partly seen in this Prescribed. At energies outside the sharp peak, the magnitude
figure) and a short-range barrier &~3 a.u. For the par- of the inner part of the wave functlon_ls strongly suppressed.
ticles to escape the autoionization region, the former barriefit the peak energy the wave function penetrates strongly

must be overcome. As a result one should expect that the DRI the inner part between the outer and inner barriers. At
Qe peak energy the nuclear wave function is localized in the

cross section will be reduced near threshold for these value: . : T ;
of J. inner part of the interaction region in between the inner bar-
The role of the inner barrier is somewhat less clear. Th rier and ;he oqte(centrlfuga) barrier. The resonance is thus_
Lo . : - M%he manifestation of tunneling enhancement due to the exis-
barrier is Io_cated in the region of smal, V\_/her_e no_nlocal tence of quasibound states inside the double-barrier struc-
forces are important and the local approximation is only Ofy e “The inner barrier prevents the broadening of the reso-
descriptive value. In fact, in our approach the resonance pQyance due to fast decay through autodetachment in the region
tential Vi.{R) never enters the calculation. One may expectR—3 a.u. Observe that the wave function has four nodes
however, that aroundl~23 the DA cross section may hetween the barriers. This means that four other resonances
change its shape at energies close to the threshold and irregwith lower energies are to be expected. They are located
larities in theJ dependence and energy dependence of theelow the DA threshold but can be observed in vibrational
cross section may appear. excitation cross sections and will be discussed briefly also in
Figure 14 shows a detailed view of such an irregularity. Apaper Il. The quasibond states Hassociated with the reso-
very sharp structure, with a width of about 1 meV, is ob-nances have lifetimes many orders of magnitude higher than
served here. At the threshold the cross section is very smallhe natural lifetime of the K collision complex. The prop-
At an energy of about 20 meV above the threshold, the crossrties of these unusual species will be discussed in a separate
section rapidly increases, reaching a value of about 045 A paper.
and then drops again. To interpret this structure, we plot in
Fig. 14, lower part, the squared modulus of the nuclear wave V. ISOTOPE EFFECT IN DA
functions at three energies around the peak energy. The wave Another open problem in low-energy electron hydrogen

functions are typical for an orbiting resonance. Note that thescattering is the magnitude of the isotope effect. It is well

FIG. 13. Upper part: the potential-energy functions of the non-

052712-8



DISSOCIATIVE ELECTRON ATTACHMENT AND... PHYSICAL REVIEW A 70, 052712(2004)

06 | DA J=23 TABLE Il. Isotope effect in DA. Expt.: experimental data of
’ Schulz and Asundj12]. CP67: survival probability calculation of
<05 - Chen and Peachgfl8]. BW79: local calculation of Bardsley and
35 N Wadehra[20]. DP80: calculation of Drukarev and Pozdng@®]
8 04 g based on the use of Faddeev equations. G85: calculation of Gauy-
£ o e acq [16]. MBD85: calculation of Miundel, Berman, and Domcke
g 03 f:) 2 [25]. CHD98: calculation ofCizek, Hor&ek, and Domcke39].
A g © XFO1: calculation of Xu and Fabrikaf85].
§ 0.2 &:
< o1 | = l Expt. CP67 BW79 DP80 G85 MBD85 CHD98 XFO1
0 l D, 1 1 1 1 1 1 1 1
078 079 08 081 082 HD 12 5.01 - 17 - - 8.7 10
Electron energy (eV) H, 200 559 533 200 430 200 300 402
7 tescs E=0.8010 eV -------
IN ouT E=0.8015 eV
T 61 E=0.3020 €V ------- gether with their ratio as a function df The ratio of the DA
g : . . )
g5 1% cross sections increases rapidly withThis feature does not
5 4 g indicate, however, a rapid increase of the isotope effect with
‘g , | ¢ temperature, because the rapid increase is partly caused by
+ E the different shift of the DA thresholds to lower energy for
§ 2 E H, and D, molecules. This problem was discussed some time
1 1= ago by Christophoro(48]; see alsd18].
0 It is important to stress that the DA cross section feri$

0 5 10 15 20 25 30 35 40 45 50

extremely small and very difficult to measure precisely.
Internuclear distance (a.u.)

Moreover, this cross section was measured only once a long
FIG. 14. Upper panel: detailed view of the DA cross sectionlime @go. A new measurement of the DA cross section of D
near threshold fod=23. The threshold energy and the top of outer IS highly desirable. . .
centrifugal barrier are marked with arrows. Lower panel: the wave 1he present value of the isotope effect shown in Table II
function squared for three energies around resonance at 0.8015 eWas obtained for =0 andJ=0. In a real experiment carried
The classically forbidden regions for inner and outer barriers aréut at a finite temperature, higher rotational states are in-
marked together with the autodetachment region. The energies &Dlved. In order to render our comparison with experiment
which the wave functions are calculated are also indicated by dotgore reliable, we calculated the DA cross section assuming a
on the energy axis in the upper panel. target temperature of=300 K as in the experiment of
Schulz and Asundi. Moreover, it has been shown above that
fhe finite energy resolution of the electron beam reduces the
9BA cross section. This is shown in Fig. 6 forldnd in Fig.
rel'5, upper part, for B In the lower part of Fig. 15 the cal-

known that in the energy range considered in this paper, th
DA cross section exhibits an extremely large dependence
the nuclear mass of the molecule. According to the measu
ment of Schulz and AssundlL0], the peak cross section is
reduced by a factor of about 10 in HD relative tg &hd the o
D, DA cross section is about 200 smaller than the DA TABLE Il Isotope. effect for the ground V|brat|on§1| stade= 0.
cross section. This large isotope effect is explained by th&A Hz: DA cross section for B DA HD: DA cross section for HD.
extremely short autodetechment lifetime of tRE’ reso- DA Dy: DA cross section for B Last column: ratio of DA cross
nance which results in a strong decrease of the survival facgections for H and D,.

tor for D, relative to H. In Table Il we summarize results for

the isotope effect of some representative calculations in com- J DA H, DA HD DA D, DA H,/D;
arison with the experimental data.
P It is seen that mgst calculations predict qualitatively cor- 0 4.86-5) 5.61-6) 1.60-7) 304
rectly the pronounced isotope effect. Quantitatively, the re- 1 5.03-9) 5.86-6) 1.61-7) 314
sults differ by a factor of more than @xcluding the early 2 5.56-5) 6.33-6) 1.74-7) 320
calculation[18]). The present model yields a value of about 3 6.36-5) 7.19-6) 1.91(-7) 333
300 for the ratio of the KD, peak cross sections, whereas 4 7.72-5) 8.47-6) 2.19-7) 354
the earlier model of Mundel, Berman, and Dom¢R8&| pre- 9.69-5) 1.03-5) 2.59-7) 374

dicted a value of about 200, in excellent agreement with the

measurement. As explained above, these two models differ 1.26-4)  1.32-5  3.12-7) 404
mainly in the long-range part of the H-+Hnteraction; this 7 174-4  176-5  3.90-7) 446
potential function is more attractive in the present model. 8 2.51-4) 2.40-5) 5.08-7) 497
The isotope effect is thus sensitive to the long-range part of 9 3.71-4) 3.371-5) 6.66-7) 557
the interaction. 10  574-4)  4.95-5  9.17-7) 626

To reveal the role of the rotational excitation, we present 1g 8.61-3) 5.47—4) 6.56~6) 1294

in Table Il the DA cross sections for ;iHD, and D, to-
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2D, T T=30K e theqry. The calculations are based on the mode_l developed
T=300X resolution 30mey —-—- by Cizek, Hor&ek, and Domckeg39] on the basis ofab

I initio fixed-nuclei electron-molecule scattering dgtd] and

\ an accurate calculation of the bound part of the potential

energy function [40]. The efficient Schwinger-Lanczos

\ [ continued-fraction methof¥2] has been employed for the

solution of the nuclear dynamical problem. The computa-

tional efficiency of this method has allowed us to obtain DA

cross sections for a large number of vibrational and rota-

tional channels on a very fine energy grid. The latter aspect

—-
h
g

Cross section (10‘27 mz)
L

0.5

3 25 M 45 S 55 has been essential for the discovery of unexpected sharp
Electron energy E(eV) spikes in the DA cross section due to long-lived H¥+éf-
s biting resonances.
b) D, and H, N It has been shown that the theory reproduces the collision-

energy dependence of the DA cross section jnwlthin the
accuracy of the measuremerjii€),13. More accurate mea-
surements of the shape of the DA cross section with im-
proved electron energy resolution and improved detection
efficiency of H™ are required to reveal possible limitations of
the theory. The calculations support the larger of two re-
ported values for the peak cross section indi T=300 K
(2.8x 107%'cm?). More accurate measurements of thg Bl,

Cross section (10‘“ mz)
~

o isotope effect also are desirable to confirm or refute the theo-
3 35 4 45 5 55 retically predicted value of 342 for thepa(H,)/opa(Dy)
Electron energy (eV) cross section ratio a&=300 K.

FIG. 15. DA cross section in Pcalculated for the temperature Tth' C?ICUIatIC,mS c.onflr.m the e)fpe,Cted strong increase of
T=300 K with three energy resolutions of the electron bea: DA with increasing V|brat|orjal exclltat'lon of the target gas. It
=0, 50, and 450 me\(b) DA cross sections of ki(dashed lingand ~ Nas been shown that there is qualitative, but not quantitative,
D,, scaled up by a factor of 348olid line), for a target temperature agreement between the existing calculations in this respect.
of 300 K and an energy resolution of the electron beam ofThe present calculations predict a considerably larger effect
450 meV. of rotational excitation on the DA cross section than has been

found in previous calculations which invoked the local com-
culated DA cross section for Hs shown together with the plex potential approximatiofi19,2Q. The largest DA cross
DA cross section for B multiplied by 342 to have equal section, 28.% 107 cn?, is obtained fow=1, J=29. Rota-
peak values. Some differences are immediately observabléonal excitation thus contributes essentially to the enhance-
The H, DA cross section peaks at an enefgy3.91 eV and ment of the DA process at elevated temperatures. The calcu-
that for D, at a slightly higher energ£=3.96 eV, reaching lated DA cross sections of Hand D, at T=1400 K andT
the value 8.3% 108 A2 The D, peak is narrower than the =1350 K, respectively, agree qualitatively with the measure-

H, peak by 90 meV full width at half maximurFWHM).  ments of Allan and Wong14], but quantitative deviations
Hence, the ratio of K/D, cross sections depends on the exjst.

energy resolutiolAE of the electron beam. This is demon-  As a new phenomenon, the existence of an unusual inner

strated in Table IV. barrier in addition to the usual centrifugal barrier has been
predicted for the radial potential energy function of

VI. SUMMARY AND CONCLUSIONS resonancg¢39]. This barrier suppresses the decay via autode-

An exhaustive computational investigation of the low- tachment at short internuclear distances for certain values of

energy DA process in Hand its isotopomers has been per-9(3~23 In Hy). As a result, a long-lived H+H orbiting

formed within the framework of the nonlocal resonance'©sonance exists and is reflected in a narrow spike in the DA
cross section near threshold.

TABLE 1V. Isotope effect as function of the energy resolution The nonlocal resonance model predicts, in addition to the

AE of the electron for a target temperattfe 300 K. DA cross section, also the cross sections for vibrational ex-
citation and the cross section for associative detachment as
T=300 K DA ratio well as the energy spectrum of the electrons resulting from
the associative detachment process. The latter data have been
AE (meV) 0 50 450 discussed in detail if39]. The results of a comprehensive
H,/D, 305 311 342 investigation of the vibrational excitation cross sections of
H,/HD 8.6 8.7 9.0 H, and its isotopomers are described in the accompanying
paper II.
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APPENDIX: NONLOCAL RESONANCE MODEL g(R) =exd- CAR-Ry)?], i=1,2,
FOR THE 23! RESONANCE OF H,~

R) =exg - C3(R- .
The construction of the model functions is described in %R =GR~ Ro)] -
[39]. We considered it useful to include detailed descriptionThe values of the constants are as followa# quantities are
of the model parameters here, since they were publishedd atomic unit:

partly in [39] and partly in[25] (with some misprints in the A.=1.6618. A.=1.3603. A.=1.0467
tableg. Definition of the quantitiesVy,(R) and V4(R) in e P P ’
terms of full electronic Hamiltoniat, of the system with B,=18.863, B,=4.6559, B,=1.4504,

internuclear distanc® fixed is given below, together with
analytic fit of theR and ¢ dependences obtained froat
initio data.

The original model of Mundel, Berman, and Domcke _15
(MBD) [25] was constructed from their “fixed? ” ab initio a= o
electron-molecule scattering calculations. The func¥igfR)  The equilibrium distanc®, of H, is Ry=1.4014 a.u[50].
in the MBD model is constructed as the spline interpolation In [39] we have replaced the original discrete state poten-
of the data of Kotos and Wolniewic50]. The coupling of tial V4(R) with a new function to describe more accurately
the discrete state &EE symmetry to thep-wave continuum  the behavior of the K bound-state energy for larger inter-

C,=0.2, C,=0.3302, C,=0.489,

was fitted with the formula nuclear separatioR. The resulting potential function is
|
94.%—22.5‘?
1.7467%3R - 5 5 for R<10.6,
ViR = (olHal o0 = [(R-2.549°+3.1]] (A2)
d\R) = (@dFellPd’ = g} 97

- 0.0084Re 0-3R - for R> 10.6.
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