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Inelastic low-energy electron collisions with the HBr and DBr molecules: Experiment and theory
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Low-energy electron collisions with the HBr and DBr molecules are addressed from the experimental and
theoretical points of view. Relative differential cross sections for the excitation of vibrational levels of HBr and
DBr up tov=6 have been measured as a function of the incident electron energy in the range 0-4 eV. In
addition to the shape resonance near 2 eV collision energy, intense and narrow threshold peaks are found for
the excitation of thev=1 level of HBr and thev=1 andv=2 levels of DBr. Measurements with high
resolution for rotationally cooled molecules have revealed the existence of sharp oscillatory structures in the
elastic andv=0—1 cross sections in a narrow range below the dissociative-attachment threshold. The
dissociative-attachment cross section has been measured with high resolution of the incident electrons in the
range 0.2—1.4 eV. The theoretical analysis is based on an improved nonlocal resonance model, which has been
constructed on the basis of existing fixed-nuclei electron-HBr scattering phase shifts and aaburdtie
calculations of the bound part of the HBpotential-energy function. This purehp initio-based model is used
to calculate integral electron-scattering and dissociative-attachment cross sections for HBr and DBr. The
theoretical cross sections agree very well with the experimental data. The observed threshold peaks and Wigner
cusp structures in the vibrational excitation functions are correctly reproduced. The sharp structures in the
=0—0 andv=0—1 cross sections below the dissociative-attachment threshold, consisting of a superposition
of boomerang-type oscillations and quasibound levels of the outer well of the piential-energy function,
are quantitatively described by the theory. The high degree of agreement between experiment and theory
indicates that the essentials of low-energy electron-HBr collision dynamics are completely understood.
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I. INTRODUCTION thev =3 andv =4 excitation functions of HF. Calculations
of e + HCI VE cross sections with an improved version of
The discovery of pronounced threshold peaks in the vithe so-called nonlocal resonance model], which is based
brational excitatiofVE) cross sections of HF, HCI, and HBr on ab initio electron-HCI scattering data as well as accurate
by Rohr and Lindef1-3] has initiated intense experimental ab initio calculations of the bound part of the HCI
and theoretical research on low-energy collisions with hydropotential-energy function, have predicted the existence of
gen halides. A survey of the experimental developments hasurprisingly sharp and intense oscillatory structures invthe
been given by Cvejanoviet]. The theoretical developments =1 andv =2 excitation functions of HCI in a narrow energy
have been reviewed by Morris§B], Fabrikan6], Domcke range below the dissociative attachm@édA) threshold 13].

[7], and Horaek [8]. Indications of this structure have been observed in measure-
Recently, not only more definitive determinations of thements of Cvejanoviand Juretd4] and Schafer and Allan
shape and intensity of the threshold peaks in the VE funcf14]. In a recent high-resolution measurement of electron
tions of hydrogen halides have become possible, but alsscattering in cooled HCI, quantitative agreement of the mea-

additional unexpected phenomena have been discovered. &ired and calculated structures has been establistgd
detailed study of rovibrational excitation functions of HF and The observed structures were shown to consist of a superpo-
HCI has been performed by Ehrhardt and collaborators, leadsition of boomerang oscillations, reflecting short-lived wave-
ing to the discovery of vibrational Feshbach resonances ipacket motion of the HCI anion, and so-called outer-well
the e + HF collision systen]9]. Very recently, Allan and resonances, arising from quasibound energy levels in the
co-workers[10] extended the measurements up to the4 outer well (centered at an internuclear distance of about 4
channel in HF, providing additional data on vibrational a.u) of the HCI" potential-energy functiofl3,15.

Feshbach resonances and establishing the existence of oscil-The electron-HBr collision system has received much less
latory structuregso-called boomerang oscillatiof&1]) in attention than the electron-HCI system. It has been pointed
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out by Azriaet al. [16] that the threshold peaks in higher ergies, the present results suggest that all qualitative aspects
vibrational channels reported by Rof8] are likely to be of the complex resonance and threshold phenomena in low-
artifacts, arising from the lack of discrimination of slow elec- energy electron-HBr/DBr scattering are well understood.
trons and BF anions. A calculation of VE cross sections The theoretical model also yields cross sections for the
within the nonlocal resonance model indeed predicted th@lternative channel of associative detachnié?). The re-
existence of threshold peaks only for the-Q channel in sults for the AD cross section, in particular energy spectra of
HBr and the 6-1 and 0—2 channels in DB17]. This the detached electrons, are reported in R&Z].

finding correlates with the fact that only the=0 andv

=1 levels of HBr are located below the DA threshold, while Il EXPERIMENTAL METHODS

thev=0, 1, and 2 levels of DBr are below the DA threshold.

The calculation also predicted the existence of very sharp The “trochoidal” electron spectrometer, used already in
structures in the VE cross sections just below the DA thresheur earlier study of HC[14], and more recently of H[18]

old [17]. and HF[10], has been described in more detail in Rg2el—

Cross sections for VE of HI, finally, have been measured6]. It is particularly suitable for the study of threshold fea-
recently [18]. In agreement with a model calculation of tures, because the collimating action of the axial magnetic
Horacek et al. [19], extended Wigner cusp structures arefield (about 80 Gaugsresults in a stable response function
found at the vibrational thresholds, but no threshold peakseven for slow electrons. Its high sensitivity has permitted
While the shape of the theoretically predicted excitationrecording the cross section up to thhe 0— 6 transition. Br
functions is qualitatively correct, the decrease of the cros#ons from dissociative electron attachment cannot pass tro-
sections with increasing inelasticity is significantly too weak,choidal analyzers and do not reach the detector. The present
indicating the need of improvement of the theoretical modebkpectra are consequently not affected by artifact signals due
[18]. to unwanted detection of anions, which may occur with in-

In the present paper, we add new experimental and thestruments employing purely electrostatic guidance of elec-
retical results on the electron-HBI/DBr collision system totrons, as pointed out by Azriet al. [16].
supplement the existing picture of low-energy electron colli- The calibration of energy scales, correction of the raw
sions with hydrogen halides. The experimental part of thidata for the instrumental response function, and other tech-
paper comprises measurements of relative differential crossical aspects of recording the spectra of hydrogen halides,
sections using two complementary instruments. A magnetihave been described in the recent publication on[H®.
cally collimated spectrometer measures vibrationally inelasThe instrument uses a trochoidal monochromg2at to pre-
tic cross sectiongat 0 ° and 180°) and provides a stable pare a quasimonoenergetic electron beam and two trochoidal
response function near threshold. The high sensitivity of thisinalyzers in series to select the energy of the scattered elec-
instrument has permitted measurements up tovth®—6  trons. The electrons collide with a quasistatic gas sample in a
transition in both HBr and DBr. To reveal the existence ofcollision chamber. Both forward and backward-scattered
fine structure in the elastic and the=0— 1 cross sections, a electrons are detect¢d5,26. The count rate of the scattered
spectrometer with hemispherical electrostatic analyzers islectrons is recorded as a function of the residual electron
used. The response function of this instrument is less stabkenergy, subsequently corrected for the response function of
near threshold, but it has a higher resolution required to rethe energy analyzer, and finally plotted as a function of the
veal narrow structures. The electrostatic instrument has alsocident electron energy. The confidence limits of the correc-
been used to measure relative dissociative electron attaction procedure are taken to be20% in the residual energy
ment cross sections. range 0.+3 eV and =35% below 0.1 eV. The residual

In the theoretical part, we report @b initio calculations  energy scale was calibrated on a sharp resonance feature in
of potential-energy functions of HBr and HBremploying  the excitation of the 2P state of helium as described previ-
very large basis sets and a sophisticated treatment afusly[10]. It is accurate to withint30 meV. The tempera-
electron-correlation effects. Making use of these results ature of the target chamber was about 60 °C. The excitation
well as published electron-HBr scattering df28], an im-  functions were measured at the peaks of the vibrational
proved nonlocal resonance model for electron-HBr collisionsbands, emphasizingAJ=0 transitions. The resolution
is developed. Extensive calculations of VE and DA crossimonochromator and analyzer combihedas 60 meV. The
sections are performed for this model on a very fine energynstrumental band pass was thus comparable to the rotational
grid, using the previously developed Schwinger-Lanczos apbandwidth, causing partial integration over rotational transi-
proach[17,21-23. tions.

To allow for a detailed comparison between experiment The sample pressure plays a critical role in the present
and theory, the theoretical data have been appropriately avaeasurements. The very large total scattering cross section
eraged over the rotational population distribution of the tar-of polar molecules at low energies causes noticeable attenu-
get gas and convoluted with an experimental resolution funcation of slow scattered electrons and consequently a notice-
tion. The comparison of the resulting cross sections withable attenuation or disappearance of the threshold peak al-
experiment reveals a high degree of agreement, even for fineady at surprisingly low pressures. Spectra were therefore
details of the sharp structures in the cross sections. Whileecorded at successively lower pressures until a pressure was
there is still a need for improvement of the quantitative acfound below which the shape of the excitation functions no
curacy of the calculations, especially at higher collision endonger changed. The pressure in the main chamber of the
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instrument was then below the sensitivity of the cold cathodedjusted quasirelativistic pseudopotential and an estimation
gauge, that is less than 10 mbar, indicating a pressure of of the core-valence correlation energy. We have here fol-
less than 10* mbar in the target chamber. lowed a similar approach and have adopted the uncontracted

The spectrometer with hemispherical analyzers also habasis sets, the pseudopotential and the core polarization po-
already been describg@8,29. It has been used to measure tential [31] of Ref.[30]. Except for the core, where they are
the elastic cross section, which is not accessible to the magaken into account in an average way, relativistic effects are
netically collimated instrument, and to better visualize thenot considered in the presea initio calculation. Spin-orbit
oscillatory structure in some of the cross sections, wher@oupling plays an important role in the production of iy
higher resolution was necessary. A simple Wien filter, pergissociative attachment, through nonadiabatic transitions in-
mitting the separation of scattered electrons and fragmeRjolving excited states of the anion that dissociate in H
anions, is incorporated in front of the detector. The filter hasy gy [32]. Although the fine structure of Br is important
been used to positively eliminate ion signal from the spectranhere. we are interested here in the ground state of the HBr
of scattered electrons, and to record dissociative electron afmion, which involves mainly a closed shell Batom with-
tachment spectra. _ out fine structure.

HBr or DBr without carrier gas was expanded from &  The ab initio calculations were performed with theoL-
30-um orifice, with backing pressures of about 0.2—0.5 barspro [33] package. In all cases, molecular orbitals were opti-
Narrowing of the HBr elastic energy-loss peak with increas-mized according to a minimal complete active space calcu-
ing backing pressure indicated significant cooling, althoughation. It involves eight configurations for the neutral
the exact temperature was not known. The analyzer responggo|ecule and three for the anion. Preliminary calculations at
function was determined on the elastic scattering and on thg,e coupled-cluster level of theory for HBr have shown in-
ionization continuum near threshold in helium. The resolu-correct behavior of the energy at large distances as the mol-
tion of the instrument in the energy-loss mogetermined  ecyle dissociates in two open shell atoms. A multireference
on the elastic peak of heliunwas slightly below 20 meV  expansion of the wave function is thus indispensable. To get
full width at half maximum(FWHM), corresponding to an rgjiable results over a wide range of internuclear distances,
energy spread of about 14 meV in the incident beam. Theom short internuclear distances to the asymptotic limit, we
energy of the incident beam was calibrated on thenaye adopted the average quadratic coupled clGa®EC)
19.366 e\*S resonance in helium and is accurate to withinmethod[34]. It is only quasisize consistent, but allows for a
+20 meV. The excitation functions have been recorded agyltireference configuration interactif€l) expansion. In
the maxima of the energy-loss peaks and emphasize consgqgition, excited states also can be investigated. Moreover, a
qguently theAJ=0 transitions. The dissociative attachmentpre\,ious study{35] devoted to the GImolecule has shown
spectra have been recorded with a backing pressure aboutie suitability of the AQCC method for theb initio inves-
times smaller than the elastic and VE spectra to reduce thgyation of electron attachment to molecules with heavy halo-
effect of secondary collisions of the Brions with the gen atoms, being preferable to perturbative approaches such
sample gas, and to reduce the expansion cooling, permittings complete active space second-order perturbation theory
observation of fragment anion signal from thermally rota-(CASPT2 or complete active space third-order perturbation
tionally and vibrationally excited molecules. theory (CASPT3.

The response function of the hemispherical instrument is  aAs a first check of the quality of thab initio calculation
not very stable at low energies. The collection efficiencyof the potential-energy function, the separated atom limit
varies dramatically as a consequence of only small variationghould be considered. This limit represents a particularly
of the potentials in the target region. The shape of the curveghallenging problem here, since the electron-attachment pro-
recorded with this instrument from threshold to about 0.6 €Vcess involves different species, a neutral HBr, and an anionic
above is thus only qualitative. The results from the magnetiygy~  which are asymptotically separated by the electron
cally collimated instrument are more reliable as far as threShafﬁnity (EA) of Br. For the EA we get 3.373 eV for Bexp:

old peaks are concerned. 3.364 eV[36]) and 0.7466 eV for Hexp: 0.7542 e\[36]).
We have thus obtained a very good accuracy for the
ll. THEORETICAL METHODS asymptotic limits.

The spectroscopic data for the ground state of HBr are
reported in Table | in comparison with previous calculations

The ab initio calculation of heavy element compounds and experiment. Our results are very similar to the calcula-
takes benefit from valence-only approaches, where the contion of Dolg [30], although not identical, and in much better
putational effort can be concentrated on molecular interacagreement with experiment than the spin-orbit configuration
tions of mainly valence character. Large basis sets have beémeraction(SOC)) calculation of Chapmaset al. [37]. The
used here for both atoms: Br(227p,11d,4f,3g) and latter calculation has used a different pseudopotential,
H(9s,5p,4d,3f,2g), together with a pseudopotential for Br. smaller basis sets and much smaller Cl expansions, resulting
Although weak core-valence effects are expected for broin a well which is less deep, at larger distance, and too wide.
mine (seven valence electronshis correlation energy has to Average coupled pair functiondACPF) and AQCC meth-
be taken into account adequately in order to reach a goodds only differ by the extrapolation of the coupled-pair cor-
accuracy. For the neutral molecule in its ground state veryelation energy and are expected to yield a similar accuracy.
accurate results were obtained by DP&§] with an energy- For the binding energy we have a small discrepancy with the

A. Ab initio calculation of potential-energy functions
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TABLE I. Spectroscopic constants for the ground state of HBr. -13.85 . . . .
The units areA for R, eV for D, and cm! for w,.

De Re We
sS0CI(37] 3.81 1.42 2561
ccso) [30] 4.09 1.410 2670 ~13.90
cCsOT)+S0[30] 3.95 1.410 2666
ACPF[30] 4.07 1.410 2668
ACPF+S0([30] 3.93 1.410 2663
AQcC? 4.05 1.410 2662 $
AQCC+S0° ~391  ~1410  ~2657 e
Exp[39] 3.92 1.414 2649 3
[
L=
w

3w, results from a three-level fitofx,=52 cm 1).
bSO effect estimated, see text.

result of Dolg[30]. However, it was computed there with
respect to the separated atoms while we have used, as refe
ence, large-distance molecular calculations, large enougl
(50-100 a.y.to be in the asymptotic limit. Since neither
AQCC nor ACPF are strictly size consistent, a small discrep-
ancy remains between the molecular and separated-aton
calculations. In our casdQCC) it amounts to 0.017 eV and -14.05
mainly accounts for the small difference between the ACPF
result(4.07 eV[30]) and the present AQCC resii#t.05 e\j.

As is well known[38], spin-orbit(SO) interactions affect FIG. 1. Ab initio potential-energy curves for HBF%, ground
much more the asymptotic region, where quasidegeneracstaté and the two lowestS, states of HBF, computed with the
arises, than the molecular energies neamwhere the cova- AQCC method. Filled symbols label the neutral curve, while un-
lent interactions produce large energy separations. Thereforéljed ones label the anionic curves.
for the spectroscopic constants, the main SO effect is often a
decrease iD, as a consequence of the atomic fine-structurdied on ab initio e + HBr scattering data as a basis for the
splitting, whereaR, and w, remain almost unchanged. In- calculation of the dynamicsee Sec. I). The nonlocal reso-
spection of the coupled-cluster singles and doubles includingance model to be discussed below, which is based on scat-
perturbative triplefCCSOT)] and ACPF results of Dolg tering theory, predicts the following behavior of the HBr
[30] with and without SO, confirms this analysis. For both potential-energy function near the crossing with the HBr po-
methods,D. decreases by 0.14 eV due to SO couplingtential: the HBF energy joins the HBr energy from below
whereas there is not any change Ryrand only a minor one and follows it down to a certain critical distance, before it
for we. We can safely estimate the SO correction to leadswitches into the continuum, representing the* shape
here to the same decrease [y, giving 3.91 eV, in excel- resonancdcf. Sec. II1Q. As will become clear below, the
lent agreement with the experimental value 3.92 [@9]. wide and shallow outer well and the barrier separating the
The good accuracy obtained for the neutral molecule, agner part from the outer well are important features of the
documented in Table I, strongly supports the reliability of HBr~ ground-state potential-energy function. A very similar
the presenab initio approach for the less known anion. shape of the potential-energy function has previously been

The adiabatic Born-Oppenheimer potential-energy curvefound for HCI™ [40,41. It is to be expected that the height of
for HBr and the electronically bound part of HBare illus-  the barrier is overestimated by the present calculation owing
trated in Fig. 1. The calculated ground-state energy of théo basis-set limitations.
anion exhibits a minimum and a barrier near the crossing The calculated dipole-moment function of HBr is dis-
with the potential energy of the neutral molecule. A similar played in Fig. 2. The shape of this function is in agreement
shape has been obtained by Chapreaal. [37]. The elec- with previous calculation§42]. The dipole moment at the
tronically bound part of the first excited-state potential-equilibrium geometry of HBr is 0.810 D. This value agrees
energy function of HBT is also included in Fig. 1. This well with previous theoretical estimatef.819D self-
potential function is repulsive, dissociating into HBr. It  consistent electron pair€SCEB/coupled electron pair ap-
should be stressed that the Ritz variational principle, orproximation (CEPA [42]], 0.820D (SOCI [37]), 0.797D
which the presengb initio calculations are based, applies (ACPF[30]) and the experimental valu®.820D[39]). The
only for bound electronic states, but not for electronic stateslipole-moment function enters into the nonlocal resonance
in the continuum(resonances For continuum wave func- model via the determination of the threshold exponent
tions, the expansion in terms of square-integrable basis fun¢7,22).
tions does not converge. For the internuclear distances below Spectroscopic data for the outer well of the HByround
crossing point of HBr and HBT potentials we therefore re- state are collected in Table II. Although the present calcula-

-14.00

R (bohr)
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0.10 ' ' ' ' ' ' thogonal to|¢q). The statg¢.) describes an electron with
energye scattered by the neutral molecule in its ground elec-
tronic state. The coupling between the discrete state and the
continuum is determined by the coupling amplitiMdg.(R)
=(¢pglHel @), Which depends on the separati®nof the
nuclei. WithH, we denote the electronic part of the Hamil-
tonian,H=Ty+Hyg, whereTy= —Ag/2u is the kinetic en-
ergy of the nuclei.

It is possible to show that a proper choice| @f;) ensures
diabaticity of the state$e.) and that these states form a
convenient basis to expand the Hamiltonjam

-0.10

-0.30

-0.50

} (Debye)

H=Toc+lea)Va(R)( el + [ dedd o JIVo(R)+ ]

om0l *(od+ [ dedolegVadRifed

+f dedQ|e Vi edl, @)
-0.90 -

whereVy(R) = (¢@q4|Hel ¢q) is the discrete-state potential and
V, is the potential energy of the neutral molecule in its
110 , , ‘ , , ‘ , , ground state. Withf'd(Q) we denote the integration over the
15 25 35 45 55 65 75 85 95 direction of the asymptotic wave vector of the electron.
Rys (bohr) To solve the Lippmann-Schwinger equation describing
electron-HBr scattering, the wave functioh(R,r) is ex-
panded into the basis sébg)=¢4(R,r), |¢)=e(R,r)

o ] (r denotes all electronic degrees of freedam
tion involves larger basis sets and about 800000 uncon-

tracted configurations, a factor of about 40 larger than the

previous calculatiofi37], the spectroscopic constants for the W(R,r)=4(R)@q(R,r)+ J dey(R)eRr). (2
outer well are not very different, indicating that this part of

the energy function is robust. We got a slightly deeper wellit js possible to show that the coefficiert. can be elimi-
at a somewhat shorter distance than in R&7]. The outer npated from the equations of moti¢ii] and after partial-wave
well is wide enough to support several vibrational levels. Asjecompositior{23,43 of ¥4(R) the equation for its partial

mentioned above, SO effects are not expected to play afave components,(R) is found to be { is the quantum
important role for the ground-state potential-energy functiony,ymper of total angular momentym

FIG. 2. Dipole-moment function of th&, ground state of HBr.

B. Nonlocal resonance formalism and calculation |3)=|3)+ G3(E)[ Vgt F3(E)1l43), 3)
of cross sections

A detailed description of the nonlocal resonance formal-Where

ism has been given elsewhdrg23]. Here we give only a

brief overview in order to introduce the model. <R|FJ(E)|R’>=f dedQVy (R)g;(E—€,R,R)VE(R)
The basic assumption of the nonlocal resonance formal-
ism is that a temporary molecular negative-ion state is (4)

formed in the collision. This resonance state is approxi-and
mately described by a square-integrable functipg), which

is assumed to interact with a continuum of staftes) or- 1 g2 J0+1) -1
E+ o———VoR)— +ie| . (5
2uR?

E)=
9:(E) 25 dR2

TABLE Il. Spectroscopic constants for outer well and barrier in
the ground state of HBr. The units aréA for R,, eV for D, and
cm ! for the zero-point energy. Adopting boundary conditions appropriate for electron-
molecule scattering, the functid;) is given by

De Re ZPE
f— Vi
Outer well 0.156 2.257 200 |42)=Co(B)Vae|x;). ©
Outer well[37] 0.14 2.38 201 " o ) )
Barrier 0.074 1.763 where|x ) denotes the initial rovibrational state of the mol-

ecule (v, is the vibrational quantum numbeg; is the initial
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energy of the electron, an@;(E) is the partial-wave com- (ii) Ab initio calculations of the HBT negative ion state at
ponent of the free Green’s function. The cross section fointermediate and large values of the internuclear distance,
vibrational excitation reads see Sec. lllA.

(iii) Ab initio calculation of the dipole moment of HBr,
also see Sec. lIIA. The dipole moment determines the de-
pendence of the threshold exponent on the internuclear dis-
tance.
with the final energy of the scattered electron given by en- (iv) The polarizability of the hydrogen atom that deter-
ergy conservatione; + EJ”iz €+ EJ”'. The quantityE] repre-  mines the long-range part of the BH interaction.

273 S (2
UVE:_E. |<XJ|Vdef|¢J'>| ) (7
|

sents the energy of the neutral molecule in the 511;@@- _ The_ potential\/o_(R) of the ground elgctronic state of HBr
We should add the following comment on the coupling!S @S in the previous modgll7] described by the Morse
element. In general, the coupling elem¥it(R) depends on  function
the e.mgleal between the molecular gxis and the direction of Vo(R)= Do[e72ao(Rf Ro)— 2e~ aO(RfRO)]’ (9)
the incoming electron. The coupling element can be ex-
pressed in the form of a partial-wave expansion with Ry=2.67 a.u.ap=0.96 a.u., and,=3.92 eV. The
ST parameters were fitted to th_e sp_ectros_copic data given in
Vg (R)= Z e P,(c0S0)Vyy(R). ®) g:g&ls’)]\_ﬂ/hmh are essentially identical with the experimental

Vy4(R) andVy, can be inferred by fitting a Breit-Wigner
In the present theoretical treatment we neglect all terms witiormula with energy-dependent width and level shifg] to
|>0. The partial-wave component of the wave function withthe ab initio eigenphase sum
a certainJ is thus coupled to states of the neutral molecule
with the samel only [see Eq.(4)], i.e., our model cannot ) iI'(¢,R)
describe rotational excitation by electron impact. As a con- 6(€,R)= dpy( €,R)—tan e Vy(R)+Vo(R)—A(eR))
sequence of this assumption, we have to solve(Bgonly (10)
for a single value of], which is given by the initial angular
momentum of the molecule. where

The VE cross sections are obtained from EQ, where

the wave function|#;) is the unique solution of the I'(e,R)=27|V4(R)|? (12)
Lippmann-Schwinger equatio(8). To solve this equation
we employ the Schwinger-Lanczos method, which proved t&nd
be very efficient for the calculation of VE and DA cross )
sections for H, HCI, HBr, and HI molecule$23,13,17,1% A(eR) = LPJ I'(e'"\R)
For a detailed description of the Schwinger-Lanczos method, ’ 2
see Ref[21]. For the treatment of the nonseparability of the
coupling matrix elemenV.(R) due to the variable thresh- The background eigenphase sdpy(€,R) is assumed to be a
old exponent and cutoff parametésee below we use the smooth function ofe andR.
Batemann technique described in Ref2]. It is assumed thal'(€,R) is of the form

de’. (12

e—¢€'

C. Construction of the nonlocal resonance model I'(e,R)=A(R)e"Me A<, (13

A nonlocal resonance model for the-EIBr system has Here, a(R) represents the threshold exponent, which de-
previously been developed by Heek and Domckeg17].  pends on the dipole moment of the neutral mole¢ui22.
This model was obtained by fittingb initio fixed-nuclei  The dipole moment function of HBr has been discussed in
electron-HBr scattering data of Fandreyatral. [20]. Here  Sec. Ill A. Since the present calculation of the dipole mo-
we describe the construction of an improved model. Foiment essentially confirms the data obtained earlier by Ogil-
short internuclear distances the saateinitio scattering data vie et al.[44], we use their Padapproximation to the dipole
are used, while the long-range part of the HBpotential- moment
energy function is modeled more carefully on the basis of the
new HBr ab initio data of Sec. Ill A. Moreover, the depen- i
dence of the threshold exponent on the internuclear distance 1+2 &iX
is taken into account.

The nonlocal resonance model is described by three funovhere x=(R—Rg)/Ry and My=0.81788, e;=2.199, e,
tions: the discrete-state potentM}(R), the potential of the =0.808, e;=1.483, e,=3.868, es=—2.612, e5=13.209,
neutral moleculeVy(R), and the discrete-state-continuum ande;=0.255. The threshold exponent can then be approxi-
coupling V4.(R). We used, for the construction of the new mately represented by a simple form{i22]
model, the following data:

(i) Ab initio calculations of the fixed-nuclei eigenphase
sum for 2%, symmetry performed by Fandreyet al.[20].

-1

M(R)=Mq(1+x)3 , (14

R=1 M?2 M*+a,M8 M3 15
a( ) 2+a1 +a2 +a3 +a4 y ( )
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fit

data from ion potential @
data from eigenphases ¢

Potential (hartree)
Eigenphase (rad)

-0.005 0 0.005 0.01 0.015 0.02 0025 0.03 0.035 0.04

2 3 4 5 6 7 8 9 10

Internuclear distance (units of ag) Electron energy (eV)
FIG. 3. Construction of the discrete state potentig(R) by _FIG. 4. Fit of the eigenphase sum for fixéUeIectron-H!Br s_cat-
interpolation ofab initio data from the fixed-nuclets. eigenphase (€ring. The dots are data of Fandreyral. [20] and solid lines
sum (diamonds and theZS, bound state of HBF (circles. show the fit within the nonlocal resonance model. The correspond-

ing internuclear distances aR=2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6,

with a,=—0.101157, a,=— 1.4833< 10_2’ a;=7.486 2.6729, 2.8, 2.9, 2.95, 3.0, and 3ftom bottom to top.
x 103, anda,=3.735x 10 3. , _
To find suitable forms of the function&(R) andg(R) in | ¢ _Dbest least-square it was found &=9.934, v

e . =1.535,v,=1.437, andv,=2.884. It is shown in Fig. 3 as
Eq. (13) we first fitted the eigenphase sum of Fandregtesl. -1 ' "2 . . ;
for eachR separately, using E410). For the background g]beiLLill:cl)lgi;t?:rri]nto g;c&vgdoeuz\ds_eszigtf:c;gg |r11_t§ rgt?tlgitéo?hgfftigzl
eigenphase we assumed the form 9 ‘

form of the width, we use&/y(R) of Eq. (18) and assumed
+a(R)e“®+b(R)e  (16) I'(e,R)=g(R)?B(R)e]*Ne A< (19

for the width and the form(16) for the background with
ip accorda}nce with Ref17]. The best least-squares fit gives g(R), B(R), anda(R) being linear functions ant being
five quantitiesVy, A B, a, andb, for each of the 13 values constant. The best least-squares fit to the eigenphase sum of
of Rbetween 2.0 and 3.1 a.u. for which the eigenphases welgandreyeret al. [20] was obtained for
published. We found that a very good fit of the eigenphases

m(1l
§bg(6aR):E(§_a(R)

is obtained assuming a constaitR) and linear functions 0.8688-0.1833R for R<4.7345
a(R), B(R), and g(R)=VA(R)B(R) “R”2 we assume IR=10 tor R>47345 (20)
that the same linear form ¢f(R) andg(R) can also be used ' ’
at larger internuclear distance®>3.1 [g(R) crosses the B(R)=4.86R—4.788, (21)
axis atR=4.73 a.u. and we pw(R)=0 for largerR].

The negative-ion potential functiow;(R), representing a a(R)=0.4370R—4.483, (22
shape resonance for;(R)>Vy(R) and a bound state for
V;(R)<Vy(R), is related to the functiongy(R) andA(e,R) b=—2.0281. (23
via[7]

The resulting nonlocal resonance model for HBr is thus
Vi(R)=Vg4(R) +A(Vi(R) = Vo(R),R). (17)  given by the functiond/o(R) of Eq. (9), V4(R) of Eq. (18),
and

Using the above extrapolations efR), b(R), B(R), and
g(R), we can evaluat¥y(R) for R>3.1 a.u. from Eq(17) Vy(R)=VI'(€e,R)/2m7, (249
using theab initio data of Sec. Il A forV;(R).

The values ofV4(R) found in this way are shown as whereI'(¢,R) is given by Eqs(19—(23). The eigenphase
circles in Fig. 3. The same figure also contains the values ggum of the final model is compared with the data of Fan-
the discrete state potenti}(R) obtained from fitting theb ~ dreyeret al. in Fig. 4.
initio eigenphase sum by the Breit-Wigner formul0) Figure 5 shows the comparison of the negative-ion poten-
separately for eaclR for R<3 a.u.(diamond$. At large tial Vi(R) derived from the nonlocal resonance model with
distances, the functioly(R) has to approach the polariza- the ab initio data of Sec. Ill A. The slight disagreement for
tion potential—2.25R~* (in a.u). We suggest the following R<4 a.u. and the deteriorating fit of the eigenphase sum for
ansatz folV4(R), which is consistent with all these facts R close to 3 a.u. reflect the incompatibility of the HBr

bound-state calculation with the calculation of eigenphase
Vy4(R)=Ve *R—229(R—v,)%+v,] 2 (18)  sum near the crossing point of the potential curVgéR)
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FIG. 5. Potential-energy function of the HBion ground state.
Ab initio data(this paper are shown as dots. The full line gives the

FIG. 7. Cross sections for vibrational excitation in DBr, re-
corded with the magnetically collimated spectrometer and shown in

potential-energy functiol;(R) of HBr™ of the nonlocal resonance the same format as the HBr cross sections in Fig. 6.
model. Potential of the neutral molecule HBr is shown with dashes.
and 7. The cross sections for the excitation of low final chan-
andV;(R). ForR<3 a.u. the potentia¥;(R) enters the con- Nels have a narrow peak at threshold, just as in the case of
tinuum. TheVI(R) as defined in Eq(l?) Corresponds to the HCI, but the hlgheSt channel at which a distinct threshold
pole of theK matrix and is thus real. The behavior of the Peak is observed is generally less in HBr than in HCI. A
complex poles of theS matrix in the nonlocal resonance Significant threshold peak is observed only in the 0—1
model was ana|yzed in detail in Rdﬂ] The Comp|exs channel in HBr, while threshold peaks are observed in the
matrix poles obtained with the present modebt shown in v=0—1 andv=0—2 channels in DBr. At higher energies

Fig. 5 for clarity are in qualitative agreement with the re- the cross section has a broad hump around 2 eV.

sults of Fandreyer and Burkd5] obtained with theab initio

R-matrix method.

sections are shown on the saifnelative) scale, but the curves for

IV. RESULTS

A. Experimental results

The VE cross sections recorded with the magnetically col
limated spectrometer for HBr and DBr are shown in Figs. 6

One of the striking features of VE in HCI was the oscil-
latory structure discovered by Cvejanovit the v =0—1
andv=0—2 cross sectiong4,46] and recently reproduced
by the nonlocal resonance modébk]. Similar narrow struc-
tures have been predicted by the calculation of RET] for
HBr. We therefore searched for narrow structures in HBr and
DBr using the spectrometer with electrostatic analyzers. We
found structures similar to those of HCI in the vibrationally
elastic cross sections both in HEFig. 8, lower curve and,
less pronounced, in DBiFig. 9, lower curves

IHBr ' ' Ulz 0 3I ' I I LI,= 0 |6 Only a hint of oscillatory structures is visib{e the form
%20 of a shoulder in the experimentab =0—1 cross section,
M shown in the lower part of Fig. 10. The poor visibility is not
— . surprising, however, since the DA limi©.398 eV lies only
z v=0-2 =05 77 meV above the =1 vibrational threshold. The structures
5 are thus too dense to be observed clearly. In addition, the
g <10 100 collection efficiency of the hemispherical analyzer instru-
£ m ment drops fast at scattered electron energies below 50 meV,
&3 - distorting the spectrum very close to threshold. Upward and
§ downward stepgWigner cuspsare seen in the spectrum at
v=0-1 v=0-4 the v=2 andv =3 thresholds in Fig. 10. The=1 vibra-
%100 tional threshold(0.228 eV is well below the DA threshold
x (0.440 eV in DBr, permitting a clear observation of oscilla-
o7 T tory structure in thev=0—1 cross sectior{lower part of
0 1 2 3 4 0 1 2 3 4 Fig. 17).
Electron Energy (eV) Electron Energy (eV)

Figures 12 and 13 show dissociative attachment spectra

FIG. 6. Cross sections for vibrational excitation in HBr, re- recorded with the spectrometer with hemispherical analyzers.
corded with the magnetically collimated spectrometer. All crossThe Wien filter was set to pass ions and reject scattered

electrons. Its resolution is not sufficient to resolve individual

the higher vibrational levels are shown vertically expanded as indiion masses, but only the Bris formed at the low energies of
cated by the multiplication factors.

the present paper. The hemispherical energy analyzer was set
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HBr

Cross Section (arb. units)

Elastic Cross Section (arb. units)

04 0.6 0.8 1.0 1.2
"""""""""""" Electron Energy (eV)

0.2 0.3 0.4 0.5 _ _
Electron Energy (¢V) FIG. 10. Experimentallower par} and theoreticalupper parnt

cross sections for the=0—1 transition in HBr.(See also expla-
FIG. 8. Vibrationally elastic cross section of HBr. Bottom trace nations in the caption of Fig. B.
shows the cross section recorded at 90 ° using the hemispherical

analyzer spectrometer. Top trace shows the results of the nonlocglbonse function of the instrument may vary to some degree
resonance theory, including the broadening caused by thermal rm%\’cross the spectrum because the incident electron beam be-

tional excitation of the target at 100 K and convoluted with a ., oo more diffuse at very low energies, but we have not
Gaussian5 meV FWHM) to simulate, in part, the finite experimen- . 2
corrected the DA spectra for this variation.

tal resolution. The dissociative attachment threshold and the thresh-
old for vibrational excitation are marked.

B. Theoretical results

at the lowest attainable energy, that is, thermal Bvere The theoretical results for the integral vibrational excita-
collected across the entire spectrum. The spectra are thus riin cross section of HBr froorw=0 to v=1—6 states are
affected by variations of the analyzer transmission functiorshown in Fig. 14. The cross sections obtained with the pre-
with energy, in contrast to the VE cross sections. The revious model of Horaek and Domckéd17] are also included
(dashed lines With the exception of the details near the
L I B B B L B L | threshold for 08— 1 excitation(to be discussed belgwthe
DBr predictions of the two models are similar. There is a pro-
DA nounced threshold peak in-91 cross section and a sharp

_c___________
Il
—_
B N LTy SN
Il
o

Elastic Cross Section (arb. units)

Cross Section (arb. units)

0.2 0.3 04 0.5
Electron Energy (eV)
I [N Y U [ U T T N TN T O A T N B I
FIG. 9. Experimentallower par} and theoreticalupper park 0.2 0.4 0.6 0.8 1.0
vibrationally elastic cross section of DBr. Parts of the curves are Electron Energy (¢V)
shown vertically expanded and offsghe slope of the expanded
part of the experimental spectrum is also slightly redidedm- FIG. 11. Experimentaflower par} and theoreticalupper part
prove the visibility of the structurgSee also explanations in the cross sections for the=0—1 transition in DBr.(See also expla-
caption of Fig. 8. nations in the caption of Fig. B.
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- HBr
Br/HBr 2t
T=310K

Cross Section (arb. units)
. -20 2.
Cross Section (10°""m”)

=)

1 2 3 4 0 1 2 3 4
Electron Energy (eV) Electron Energy (eV)

T T O T N T W T W O O O A AN
02 04 06 08 10 12 14
Electron Energy (eV)

FIG. 14. Cross sections for vibrational excitation in HBr, shown
in the same format as the measurement in Fig. 6. The dashed line

FIG. 12. Experimentallower par} and theoreticalupper park sDrl)or:,wV:keEq% result of the previous model of Har and

dissociative attachment cross sections in HBr at 310 K. The thresh-

olds for dissociative attachment and vibrational excitation are ] )

marked. The theoretical spectrum is not convoluted with a simufh€ peak is extremely close to the DA threshold, which ren-

lated instrumental profile. ders the cross section extremely sensitive to small changes of
the model parameters.

onset of the cross section at threshold in all other channels. Let us now discuss the narrow structures in the 0

The magnitude of the cross section is 85% smaller than —1 vibrational excitation functions of HBr and DBr. These

in the previous calculation. structures are very sensitive to the details of the HPpb-

The situation is similar for vibrational excitation of DBr, tential at intermediate and large distances and were not as
shown in Fig. 15. The difference between the new and th&learly developed in the previous model. We show details of
old model is again small, with the exception of the fine struc-the 0—1 cross section for both HBr and DBr in Fig. 16,
ture in thev=0—1 channel and the threshold peak in thetogether with the resonant contribution to the elastic cross
0—2 channel. The threshold peak in thes@ cross section section. To clarify the relation of these structures with the
is smaller in the new model, and it is not clear whether itHBr~ potential, the energy of the bottom of the outer well in
should be called a threshold peak at all. Note, however, thdhe ion potential is shown in the figure together with the DA

threshold(dotted-vertical lines These two energies define
L L R BRI IR LI I BN R the borders of the region in which the sharp structures are
Br/DBr present. There is another interesting feature of these struc-
T=310K tures. In the energy range where higher channels are closed,
the cross section can drop to zero at each(dia®, for ex-
ample, the HBr 6-0 cross section in the region 0.25-0.315
eV), while in the energy range where at least one higher

80

70
T

Cross Section (arb. units)

02 04 06 08 10 12 14
Electron Energy (eV)

. -20 2
Cross Section (10""m")
40
T

20
T

FIG. 13. Experimentallower par} and theoreticalupper park
dissociative attachment cross sections in DBr at 310 K. The thresh: .
olds for vibrational excitation, dissociative attachment, and disso- ° [ : : A 1 L

10
T

- . H _ 0 1 2 3 4 0 1 2 3 4
ciative attachmen_t to HBr in the=1 state are marked._The theo- Electron Energy (eV) Electron Energy (V)
retical spectrum is not convoluted with a simulated instrumental

profile. FIG. 15. The same as Fig. 14 for DBr.
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g & v=0-1 1 v I v=2 I I
HBr DBr 2 = 1 [{ v=2
o~ HBr s DBr
C £

g g s g H

g g 5
A g & Qb v=l, (x2) <Ly b v=1, (x4
& E
o § R
g 8 ........ v=0, (x20) = F \F\ B V=0, (X50)
g =
A v=0-0 1l i | .]v=0o=>0\ NNl e, SN
2 8L 1 . . . . S e
G 0 02 04 06 08 1 12 0 02 04 06 08 1 12

WMWL\ Electron energy (eV) Electron energy (eV)
& | FIG. 17. Dissociative attachment to HBDBTr) in specific vi-
b B DA brational states J=0). Results of the previous calculation of
. L L R L Horacek and Domckg17] are shown as dashed lines.
01 015 02 025 03 035 04 045 05 01 015 02 025 03 035 04 045 05
Electron energy (eV) Electron energy (eV)

cross sections for the attachment of electrons to rovibra-
FIG. 16. Theoretical predictions of structures in the elastic andjonally excited moleculesy(=0—3, J=0-30) over the

0—1 VE (shifted and magnified by factor ofy 8ross sections for Naxwell-Boltzman distribution for two temperatureg,

HBr and DBr. The d_issociativg attachment threshold a_nd the bottom- 500 K andT= 1000 K (dotted lines. To simulate the fi-

of the well in the ion potentialB) at R~4a, (see Fig. 3 are it resolution of the spectrometer, we have additionally con-
indicated. voluted the averaged cross section with a Gaussian function
WHM 50 me\) (solid lines.

For both temperatures the cross sections exhibit steplike
features(Wigner cuspsin the high-energy flank related to
tpe opening of the 8-2, 0— 3, and 0—4 VE channels. For
aenergies below 0.5 eV we observe for HBr a peak Tor

channel is open, the amplitude of the structures is muchF
smaller and the dips do not reach zésee, for example, the
HBr 0—0 cross section above 0.315 eWor both HBr and

DBr the elastic cross section exhibits a pronounced cusp

the opening of the 6-1 channel, although in the case of —1000 K and a shoulder foF=500 K, which are due to

HB‘Ir'rlltelsnglti?:nolfnt::aesgsglﬁg?dyeztriicsjéfys.similar to thosemOIeCUIeS in the ground vibrational, but rotationally excited
found previously in HCI[13,15. The lowest, rather sharp, state,J~ 10. Cross sections for this particulhare enhanced

structures are window resonances associated with quasistaat- threshold due to the Wigner cusp at the opening of the 0

tionary levels of the outer well of the HBrpotential-energy —1 vibrational process. Another peak is present in HBr for

function. They can decay by tunneling through the barrierg;\ igor?]O:;(i['é(;V\;ne?:\:%?ast.iozglss?:taegisultj;nga@r/]ifsrom
separating the outer well from the inner part of the potential- . : R ,
energy function, followed by autodetachment. With increasp.eak IS at_;sent foﬁ':500_ K, since the nqmber of :_;uffl-

ing energy, the outer-well resonances begin to overlap an iently excited molecules is too small. The interpretations of

develop into oscillatory structures, which are known as boo- eos\}(r;:;hurtisé ft(()armDi:almfuilan:jlgrén dence of the DA cross sec-
merang oscillationg11]. The boomerang oscillations con- ' P P

verge towards the DA threshold, as has been observed alsotillgi)n in HBr and DEr is S|m|Iar(even somewhat more pro-
e+ H, [47,48 and e-HF [10]. nognced as has been found experlmer_\t_aﬂlgg] and theo-
To complete the study of the low-energy collisions of retically [13] for HCI and DCI. The significant temperature

electrons with HBr and DBr molecules, we have calculateadependence arises from the pronounced increase of the DA

the DA cross section. The cross sections for DA to the mol £7©SS section for vibrationally and rotationally excited target

ecule in its first three vibrational states are shown in Fig. 1ﬂg:?égf% A!tclr?)scsogggtli\gbi ttgr?]t ?rztﬂlrgehcsslrcljsgg/g cifoi?:j
in comparison with the previous calculation of Hoe& and P P

Domcke[17]. As in the case of vibrational excitation, the

difference between the two calculations is small, except at
the threshold. The enhancement of the cross section at th _ = HBr 1 - DBr
threshold in the present calculation can be attributed to theF .. ' |
long-range polarization term 2.25R~* of the discrete state

potentialV4(R). In the case of DBr, the DA cross sections at
the threshold are further enhanced due to the vicinity of the

"

Cross Section (10

T=1000K
Wigner cusp at the ©6:1 and 0—2 vibrational excitation -t
thresholds. T=300% T=S00K
We have also calculated cross sections for DA to rotation- o ez e+ s o5 1 120 ez o o6 oz 1 1
ally excited molecules. These cross sections are necessary Blecton encrgy (V) Flectron energy (V)

for predictions of DA cross sections for hot molecules. Such  FiG, 18. Dissociative attachment to hot HBr and DBr molecules
cross sections were measured for HF and HCI by Allan anddotted lines. The cross section convoluted with a Gaussian
Wong[49]. Predictions of DA cross sections for hot HBr and (FWHM 50 me\) to simulate the finite experimental resolution is

DBr molecules are shown in Fig. 18. We have averaged thehown as a solid line.
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for in situ measurements of temperatures in gases and dilute TABLE IIl. Ratios of cross sections for vibrational excitation.
plasmas.

HBr DBr

V. COMPARISON OF EXPERIMENT AND THEORY Theory  Experiment  Theory  Experiment

In this section, we focus on the comparison of the shapegoﬂzl"oﬂ1 0.19 0.26 0.15 0.15
and relative magnitudes of the experimental differential cros§’ 0-3/00-1 0.053 0.096 0.036 0.059
sections with the theoretical cross sections described in th@o—4/70-1 0.018 0.030 0.011 0.023
preceding section. The theory involves the simplifying as-?0-s/%0-1  0.007 0.012 0.004 0.010
sumption that only the wave continuum contributes to reso- T0-5/00-1 0.003 0.005 0.002 0.006
nant scattering and the calculated cross sections are integt‘é‘bllg%2 53 338 6.7 6.5
cross sections. The dominance of theave is a reasonable 70-2/70-3 3.6 28 4.1 2.6
assumption for low-energy scattering via?a shape reso- T0-3/00-4 3.0 3.2 3.2 2.5
nance. We can thus compare the shapes of the experimenff:ﬂ*“/""ﬂ5 ;; g'g ;71 i?

differential cross sections of Figs. 6 and 7 with the theoretj-Z0-5/ 706
cal integral cross sections of Figs. 14 and 15. The compari-
son reveals that most of the qualitative predictions of the
theory are confirmed by the experiment. before comparing calculation and experiment. We thus cal-
In particular, the experiment confirms the theoretical preculated the cross section for each vibrational excitation pro-
diction that significant threshold peaks occur only in the cess for several values of the angular momentuof the
=0—1 cross section of HBr, but in both the=0—1 and target molecule, and then performed the averaging of the
v=0—2 cross sections of DBr. This confirms that thresholdcross section over the Maxwell-Boltzman distribution of the
peaks are found in the excitation of those vibrational levelgotational states for the assumed temperature of 100 K. This
which lie below the DA threshold. The theoretical results arecauses considerable broadening of the structures, since the
somewhat ambiguous concerning the threshold peak in thearrow structures of the individual cross sections shift to-
v=0—2 channel of DBr. In the present calculation, thiswards lower energies with increasiny Furthermore, we
peak is less pronounced than in the previig calculation.  convoluted the averaged cross section with a Gaussian of
The experimental findingFig. 6) lies between the theoretical 5-meV FWHM to simulate the finite-energy resolution of the
estimates. electron spectrometer. The convolution width was intention-
There are differences between the experimental and the@lly chosen narrower than the experimental resolutaout
retical excitation functions at the quantitative level. It is ob- 15 meV) to preserve some of the finer details of the theoret-
vious that the broad shape resonance, which appears négl spectrum. These cross sections are compared with the
1.5-2.0 eV in the experimental VE cross sections, is locate@xperiment in Figs. 8—11.
too low in the theoretical cross sectiofisear 1 eV. The Considering first the vibrationally elastic cross section in
location of the shape resonance in the theoretical model iBBr, three features can be discerned in Fig. 9: a pronounced
determined by theb initio phase shift of Fandreyest al.  drop of the cross section at the=1 threshold, weak oscil-
[20]. The comparison with experiment indicates that #fie  latory boomerang structure in the 0.3-0.4 eV range, con-
initio scattering calculation underestimates the shape- verging towards the DA threshold, and a weak change of the
resonance energy, presumably due to overcorrelation of thgJope of the cross section at the=2 threshold. All three
anion relative to the target. features are reproduced by theory. For the elastic cross sec-
A guantitative comparison of the calculated intensity ratiotion of HBr (Fig. 7), the boomerang oscillations are more
between the threshold peak and the maximum of dffie  pronounced. The step at the=1 threshold falls into the
resonance with experiment is not considered useful, as thegoomerang oscillations because of the closeness ob the
experimental determination of the intensity of the threshold=1 and DA thresholds. The excellent quantitative agreement
peak is rather insecure, depending on details such as tHetween experiment and theory for both HBr and DBr vali-
energy resolution, the cutoff of the analyzer transmittivity atdates the theoretical model and confirms the high accuracy of
very low energies, and the uncertainty in the response funghe ab initio HBr~ potential-energy function.
tion. For a more substantial quantitative comparison of ex- Excellent agreement between theory and experiments is
periment and theory, we consider the ratios of cross sectioraso found for the structures of HBr and DBr in the=0
of different channels for an electron energy 0.1 eV above—1 cross sections in Figs. 10 and 11. The upward and
threshold. These data are given in Table Ill. It is seen thatlownward steps at the=2 andv =3 thresholds are well
theory predicts the trends reliably for both HBr and DBr, thereproduced.
maximum deviation being a factor of 2 for small ratios. For  The experiment resolves the oscillatory structures in HBr
the oq_,/0¢_,+1 ratios the deviation of theory from ex- only marginally, in the form of a shoulder, because of the
periment is less than 30%. difficulty of the measurements very close to the threshold.
Since the structures predicted in the elastic ardl0VE  The oscillatory structure is observed clearly in DBr, where
cross sections below the DA threshold are very narrow, it ighe difference between the=1 and DA thresholds is large.
necessary to take into account thermal rotational excitatiofhe threshold peaks appear narrower and higher in the ex-
of the target and the finite resolution of the spectrometeperiment than in the theory, in particular for DBr, but these
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differences may be due to inaccuracies of the response funaances, i.e., poles of the multichanr&matrix, which rep-
tion of the electrostatic instrument close to threshold. Theesent quasibound levels of the anion and are located below
results from the magnetically collimated spectrometerthe vibrational levels of the target molecuie0,51].
shown in Figs. 6 and 7, are more reliable in this respect. The boomerang oscillations and the outer-well resonances
Finally, we compare the calculated and measured DAare a very sensitive probe of the potential-energy function of
cross sections in Figs. 12 and 13. The pronounced Wigndhe anion at intermediate and large internuclear distances.
cusps at the vibrational thresholds are predicted with higiThe ability to experimentally resolve these narrow structures
accuracy by the calculation. Theory and experiment agrebas created a type of spectroscopy of anion potential-energy
that the cross section has the form of a narrow peak in DBrsurfaces. As nicely illustrated by Figs. 10 and 11 for HBr and
caused by the fact that the cusp at the2 threshold is only  DBr, the threshold peaks act as a “magnifying glass,” en-
10 meV above the DA threshold. The experiment confirmshancing the intensity of the narrow structures. Both in HCI
the prediction of the new model that the cross sections argl5] as well as in HBr/DBi(this papey, the calculated ener-
sharply pointed and not rounded at threshold in HBee gies of the outer-well resonances agree with experiment
also Fig. 17. The small peak 75 meV below the DA thresh- within a few meV, demonstrating impressively the accuracy
old in the Br /HBr spectrum results from enhanced attach-of the ab initio anion potential-energy function used as input
ment to rotationally excited target molecules witk 10, as  to the models.
discussed in Sec. IV B. The relative height of this hot band is The molecular properties responsible for the richness of
less in the experiment~<10% of peak signalthan in the phenomena in low-energy electron scattering from hydrogen
theory (~20%). The difference could, however, be due tohalides appear to be the dipole moment, the relatively large
residual rotational cooling of the sample HBr, which waspolarizability, and the low threshold for dissociative attach-
introduced through a 3@-m nozzle, albeit with a low back- ment. These properties are encountered widely in more com-
ing pressurgsee Sec. )l The small peak 228 meV below plex molecules. The hydrogen halides are thus prototypes of
the DA threshold in the Br/DBr spectrum results from en- a wide range of polyatomic targets, which accentuates the
hanced attachment to vibrationally excited target moleculegmportance of a full understanding of the electron-scattering
with v =1. The relative height of this hot band is the same indynamics in hydrogen halides.
the experiment and in the theory-0.5% of peak signa| While the improved nonlocal resonance model for HBr
indicating that the theoretical prediction of the cross sectiortonstructed in the present paper has been found to reproduce
increase with vibrational excitation is quantitatively correct.all observed phenomena qualitatively correctly, some defi-
Vibrational cooling in a gas expansion is much less efficienciencies in terms of quantitative accuracy remain. The loca-
than rotational cooling and does not affect the comparison ofion of the shape resonance is given too low by aheinitio
theory and experiment. The relative height of the ®Br ~ R-matrix calculation of Fandreyeet al. [20], indicating
cross section in the 0.25—-0.4 eV energy range, which is duglight overcorrelation of the anion relative to the target mol-
to rotationally excited targets, is lower in the experimentecule. In the vicinity of the crossing region of the HBr and
than in the theory, presumably because of residual rotationdfBr~ potential-energy functions, both the electron-HBr scat-

cooling as in the case of HBr. tering calculation 20] as well as the HBr bound-state cal-
culation (this paper become inaccurate owing to technical
VI. CONCLUSIONS limitations. In the former case this arises from the incom-

plete inclusion of correlation effects associated with bond

Recent experimentdl4,10,15 and theoretical8,13,23  breaking in HBr, in the latter case primarily from the finite-
results on low-energy electron collisions with HF and HCI, basis representation of the extra electron and the inapplica-
as well as the present results on the electron-HBI/DBr syspility of the Ritz variational principle for electronic states in
tem, demonstrate that the hydrogen halides provide a mudfe continuum. These inaccuracies of #ie initio data af-
richer variety of resonance phenomena than the long-timeect, in particular, the height of the barrier that separates the
prototype system N In addition to the well-established dipole-bound inner part of the HBrpotential-energy func-
shape resonance in HCI and HBr, threshold peaks in somgon from the outer wellcf. Fig. 5. The AD cross section at
VE channels, Wigner cusp structure in DA and VE crossjow collision energies, for example, depends very sensitively
sections and vibrational Feshbach resonances, it is now egn the height of this barrief13]. More accurateab initio
tablished that boomerang-type undulations of the cross seealculations in this critical and technically difficult range of
tions and narrow interference structures due to outer-welihe internuclear distance would be of great value.
resonances are common features in electron collisions with
hydrogen halides.

With the completion of the experimental data for HBr ACKNOWLEDGMENTS
(this paper and HI [18], it is definitively established that .
threshold peaks exist only for the excitation of vibrational ~This research has been supported by Project NoMWS
levels, which are energetically below the DA threshold. ThisKONTAKT ME273 and GAQR 203/00/1025. This research
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