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Dissociative attachment of low-energy electrons to state-selected diatomic molecules
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The dissociative attachment process in low-energy collisitias(v”,j”) + e~ — Na+ Na~, with electron
energies<1.0 eV] is studied as a function of vibrational excitation over a broad range of excited levels. We
employ a crossed electron-molecule beams arrangement and two optical methods for preparing vibrationally
excited states: Franck-Condon pumpifitCP as well as the efficient and highly state-specific technique of
stimulated Raman scattering with adiabatic pass&JéRAP). Both methods are capable of preparing vibra-
tional levels with energies up to about 60% of theZNézg binding energy ¢”<30). Analysis of the FCP
data shows an increase of more than three orders of magnitude in the state-dependent dissociative attachment
rate as a function of the vibrational level updat=12. Forv"”>12, which is close to the exoergic threshold,
no further increase with” is observed. The dissociative attachment rates measured for single rovibronic states
using the STIRAP technique confirm the validity of the conclusions drawn from our analysis of the FCP
measurements. The potential curve of thQWEg state, which is essential for the dissociative attachment
process, has been determined from variational valence shell multireference configuration interaction calcula-
tions in its bound region but by imposing Feshbach projection in its resonance region. The crossing of this
potential with that of the NgX) state is found between”=11 andv”=12, in full agreement with the
conclusions from analysis of the experimental data. The variation of the theoretical enhancement factors with
the electron energy, calculated in the framework of the traditional resonance theory, are also reported. After
convolution with the electron flux distribution, good agreement with the experimental enhancement factors is
found.

PACS numbels): 34.80.Ht, 31.25.Nj, 34.80.Qb

I. INTRODUCTION excited states is much larger than had previously been ex-
pected[12,13. In the case of H, the theoreticall\f{2-5,14
The vibrational level dependence of the dissociative atand experimentallyf1] well-known effect of DA and its
tachment(DA) of electrons to diatomic molecules, e.g., Cross section is even used to determine the rovibronic popu-
Nay(wn+e-Na+Na ., results from the coupling of the lation of the molecule by observing the variation of the H
nuclear degrees of freedom with the motion of the outermosproduction rate with the energy of the incident electrons
electrons. The high sensitivity of the DA cross section to[15].
vibrational excitation[1—9] enables a delicate experimental ~ Today, DA is a well-studied phenomenon, albeit most in-
test of theoretical predictions_ In particu|ar, DA measure.vestigations have not attempted to control internal state dis-
ments may reveal details of the Coup"ng between negativgibutions. Absolute DA cross sections have been measured
ionic resonance states and the continuum in which they arkor a wide variety of moleculegl6], including Ng using an
embedded. It is also expected that nonlocal contributions t€ffusive beam apparat{is7]. Even though no state selectiv-
the molecular potentials will ultimately be found to be im- ity was provided in the latter work, the authors conclude
portant in describing the dynamics of the DA process forfrom their measured energy dependence of the DA cross sec-
slow electrong10]. tion that the observed DA signal was dominated by thermally
Interest in the effect of vibrational excitation on the DA populated vibrationally excited states, which implies that the
cross section was initiated by the discovery of an anomaDA cross sections increase sharply with internal excitation.
lously large O signal created by low-energy electron bom-
bardment of atomic oxygeill]. The O signal was traced
to the DA of O, that had been vibrationally excited by the A. The resonance model
mechanisms used to create atomic oxy¢gither a gas dis- The resonance model of the DA procd4<,18,19 as-
charge or thermal dissociatiprin further studies, thermally sumes that the interaction between a neutral molecule and a
excited low-lying vibrational levels of ©Qwere used and it unbound electron may lead to the formation of a temporary
was concluded that the DA cross section for vibrationallynegative ion state. Figure 1 illustrates the relevant potential
energy curves for Nae-. If the Born-Oppenheimer ap-
proximation applies to this situation, an electron can attach
*Present address: Jet Propulsion Laboratory, M/S 121-104, Calto a neutral molecule only if the collisional kinetic energy is
fornia Institute of Technology, 4800 Oak Grove Drive, Pasadenagquivalent to the difference between the potential energies in
CA 91109-8099. the molecular neutral and ionic states. The internuclear sepa-
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r . over several orders of magnitude.

1.5
B. The electronic states involved

The vibrational enhancement of DA has also been inten-
sively studied theoretically; useful reviews may be found in
Refs.[10] and[20]. The most rigorous treatments, including
the determination of electronic resonance state properties as
well as local and nonlocal dynamics calculations, have been
applied to the DA process fdd,+e~ [1-5]. For the two
lowest resonances related to the electronic structures
25 F(1o51oy) and 237 (loglel), quite different results
were obtained: For the short-lived but attract®®, shape
resonance, a nearly vertical onset with electron energy and
dramatic enhancement with increasinigwas found. For the
relatively long-lived but purely repulsivéEg resonance,
which is of mixed Feshbach and shape structure, a much

Internuclear Distance R [nm] smoother onset and a relatively small vibrational enhance-
ment was obtained. The results of several calculations are

FIG. 1. Molecular potential curves relevant to the dissociativeavailable for low-lying ionic states of the alkali dimer,Li
attachment process in MaSolid lines: bound states from varia- [21—23. The attachment process was treated using the local
tional MR-ClI calculations for valence shell electrons. Lower dashedapproximation[3]. To the best of our knowledge, reliable
line: Nay(X)+e™ (ag) from variational MR-CI for the finite basis theoretical data for Na are restricted to the ground-state
specified in the text. Upper dashed line: pure core-excited compopotential and radii greater than the stabilization radius for the
nent of the Na (A) state. Middle dashed line: suggested,Na |owest resonance staf@2,24. In contrast to the electroni-
AZEg resonance state as obtained from MR-CI with Feshbach Procally similar H,, the lowest negative ion state of alkali
jz_ection(see texk Inset: enlarged crossing region with J¢a vibra- dimers is purely bound and does not contribute to the DA
tional energy levels. process. The lowest alkali resonance Rag symmetry and

is again of mixed Feshbach and shape structure but it is
ration where the attachment takes place is usually referred tconsiderably attractive in ki and, according to Ref22],
as the capture radilR.. However, the newly formed ion is apparently rather flat for Na down to the equilibrium in-
unstable and may undergo autodetachment with a lifetiméernuclear distance of Ne. The resonance parts of the po-
1T, wherel is the energy width of the ionic state, perhapstential curves have in all cases been obtained by restricting
leaving the molecule with vibrational excitation. Alterna- the one-electron space to compaétfunctions, which have
tively, the ion may stabilize through dissociation: when theeither been optimized in the asymptotic regifdi,23 or
internuclear distance increases beyond the crossing of tHegave been extrapolated smoothly from optimizations in the
resonancedonic state with the ground stateee Fig. 1, and  region where the state is still bouri@2]. Not surprisingly,
if the ionic potential does not exhibit a barrier at larggr  the minimum of this resonance state of Livaries between
the system will dissociate into a neutral atom and a negativé300 and 2200 cm® and it is not clear how well the most
ion. This crossing point, beyond which ejection of the reso-elaborated potential with a minimum of 1470 crh[23]
nantly attached electron becomes energetically forbidden irepresents the true position of the resonance. This is most
the Born-Oppenheimer approximation, is known as the staprecarious because the energetic position of the resonance
bilization radiusR;. If the resonance state is short lived andalso serves to derive the width of the state by Wigner's
R, is significantly larger than the outer turning point of low- threshold law fors electrons. Using this input in a local
lying vibrational states, as in the case of KF>), one may treatment of the DA dynamics, WadeH®& derived a factor
find an increase in the DA cross section of many orders oPf 15 enhancements in the LDA cross section fou" =2
magnitude as a function of vibrational excitation until the (@s compared to the cross sectiond6r=0) and a maximum
neutal molecules outer turning point exce®js Above the enhancement of 50 for”=7 and 8, which bracket the
exoergic limit the DA cross section has been found to remairkio-Li,  crossing point. This is compatible with the rather
more or less constant or to decrease slightly. inconclusive measurements onp[ld5] but it is in contrast to

In summary, DA occurs when an incident electron is capthe large enhancements found here for, Naamely, ~500
tured into a resonance state that subsequently survives lofigr v”=10 and~ 2000 forv”=12.
enough for the internuclear separation to exceed the stabili-
zation radiusRg. The probability for the competing autode- C. Previous experimental DA studies involving vibrationally
tachment channel is generally assumed to be proportional to excited molecules

the exponential f.unct|on of th’e |nt?grat?;j V\,”dth _Of the Theoretical predictions for the vibrational dependence of
resonance state, 1.e., Q)f@iF(R )(dR'/dt)""dR’]. Since  he DA cross section have been experimentally confirmed for
I'(R’) tends to decrease with increasiRg<R,, one may the lowest five vibrational states of,tnd D, [1] and up to
expect a strong increase of DA for vibrational levels belowv”=8 in Ref.[15]. The authors of the former study con-
the exoergic limit, which may total to an increase with  trolled vibrational excitation through resistive heating of a
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target cell containing either +or D,. In the latter work very Pulsed
high vibrational excitation resulted from the process of sur- Electron Source
face recombination of H atoms in a microwave discharge.
Both of these approaches rely on the relatively large energy
gap between the vibrational levels i ldnd D, and an elec-
tron beam with a very narrow energy distribution, which thus
permitted the DA signal to be resolved into individual vibra-
tional manifolds. Referendd.] reports an increase of several
orders of magnitude in the DA cross section for the lowest
resonance state. Data from vibrational levels near the exoer-  gugium
gic limit, where the vibrational dependence of the DA cross  Beam
section is expected to change sharply, were not sampled. The
lack of data for the DA process involving states above the FiG. 2. Schematic diagram of the experimental apparatus.
lowest few vibrational levels is shared by all but a few of the
DA studies published to date. The current paper is a followup to an earlier wgek7]
Despite the aforementioned shortcoming, thermal excitaexamining the vibrational dependence of the DA rate of
tion has been used successfully in a number of other studigda, using FCP. That publication reported an increase in the
to measure the effect of low internal excitation on the DA DA rate(see Fig. % of three orders of magnitude. Above the
process in various small molecules, e.g,, [26], |, [27,2§, exoergic limit, the DA rate was remarkably insensitive to
HCI and HF[29], CO, [13], and N,O [30]. The DA tem-  further increases in vibrational excitation. Here, we expand
perature dependence has also been studied in a variety opon these DA rate measurements by using the highly effi-
complex molecules, including $F[31-35, SKCI [35], cient and selective adiabatic population transfer technique,
SO,F, [36], several hydrocarbor{83,37,3§, and a number termedstimulated Raman scattering with adiabatic passage
of halogenated compoun{i39—-42. Of all of the above cited (STIRAP). Our objective ig(i) to identify the crossing point
studies, only Refd.1,29] provide vibrationally resolved data. between the Na negative ion potential and neutral
Several other techniques have also been used to prepaXay(x) potential energy curves and to compare this crossing
vibrationally excited molecules for DA studies. The recom-point to the results from quantum chemical calculations, and
bination of hydrogen atoms on surfaces has been used @) to determine unambigiuously the vibrational dependence
create vibrationally excited H[43] as has electron impact of the DA rate at vibrational excitations exceeding the en-
excitation[44]; however, these two techniques suffer from ergy at the crossing.
the disadvantage of preparing ill-defined vibrational distribu-
tions. In yet another approach for preparing vibrationally ex-11. EXPERIMENTAL APPARATUS AND METHODOLOGY
cited molecules, a CQOaser has been employed to populate
the v5 vibrational mode of Sfvia a direct infrared transition
[45]. Our experiment employs a crossed electron-molecule
The above cited studies show that, in general, vibrationabeams arrangement with time-of-flighitOF) analysis of the
excitation leads to an enhancement in the DA rate. The deesulting negative ions, and laser-based facilities for prepar-
gree of enhancement depends on the exact electronic struitg and probing the excited molecular stafese Fig. 2 The
ture of the molecule under study, but many simple diatomiovacuum system includes three differentially pumped cham-
molecules exhibit large increases in the DA rate even fobers (10°—10 ’-mbar background pressure The
small increases in vibrational excitation. molecular-beam-source chamber contains a supersonic alkali
Several optical pumping techniques promise to alleviatesapor beam source. Vibrational excitation of the molecules is
restrictions inherent in the previously mentioned techniqueschieved in the optical-pumping chamber. The scattering
for preparing vibrationally excited molecules. Franck-chamber contains an electron beam source, a TOF mass
Condon pumpingFCP provides a means for producing and spectrometer, and laser-induced fluorescence probing equip-
controlling vibrationally excited population distributions. ment. The laser pumping techniques and the laser probing
This is done by transferring population from the level arrangements are described in more detail below.
v"=0 to the electronically excited state, which then decays The molecular-beam source is of a standard, double-
via spontaneous emission to target vibrationally excitecchamber design. The reservoir is typically operated at 900 K
states. In the first application of FCP to study the DA, a fixedand the nozzle is held 50 K hotter. The 50-mbar vapor pres-
frequency lasefthe second-harmonic of a Nd:YAG lager sure of sodium at 900 K combined with a 0.4-mm-diam
pumped a singl®«— X transition in |, [46]. Later, McGeoch nozzle results in a supersonic expansion producing a molecu-
and Schlieff25] applied FCP to the study of DA in Liusing  lar beam with a 0.10-0.15 mole fraction of Np48]. We
a tunable pulsed laser system to create several vibrationallymploy several spectroscopic techniques to characterize the
excited distributions. They observed little variation of DA molecular beam. A Doppler-shift techniqud9] yields a
rate above the exoergic limit; but a relatively large Wback-  molecular-beam speed ratio of 5.2, and laser-induced fluo-
ground obscured observation of the DA signal from Li rescence measurements demonstrate that the supersonic ex-
low vibrational levels preventing both the observation of anypansion produces a molecular beam with about 99% of its
significant increase in the DA rate as a function of vibra-Na, residing in the ground vibrational state. Furthermore,
tional excitation and the direct comparision of the DA rate atlaser-induced fluorescence probing of the ground vibrational
high vibrational levels to that at low vibrational levels. state yields a distribution of rotational level$ that corre-
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sponds to a temperature of 271 K for j"<14 and 434 K — T 7T T T T
for j">14. ~

Two heated skimmers restrict the molecular beam to a
divergence of 0.7°. The first skimmer is located between the
molecular-beam-source chamber and the optical-pumping
chamber, while the second skimmer is positioned between
the optical-pumping chamber and the scattering chamber.
The divergence of the molecular beam was carefully mea-
sured to estimate the maximum Doppler shift that would be
encountered by a laser beam intersecting the molecular beam
at right angles. Keeping this Doppler shift to a minimum is
essential for achieving a uniform optical-pumping rate across o .
the beam’s azimuthal dimension since the transverse velocity .15 10 05 00 05 10 15 20 25
associated with the beam divergence will tend to shift the
molecular transition frequency out of resonance with the la-.
ser radiation. In fact, a divergence on the order of only a few _ .
degrees would decrease tﬁe overall optical—pumpizg effi. F!C- 3. Electron attachment to §FThe Sk rate is measured
ciency significantly. as aa f_unc_tlo_n of _the electron energy. The maximum of the flux

. . distribution is identified as the zero point of the energy.

After passing through both skimmers the molecular beam
enters the scattering chamber and intersects a pulsed, mapoOF extraction voltage is pulsed for 8. This sequence is
netically guided electron beam. Our electron beam source irepeated once every 1. The DA signal from vibrationally
a pulsed version of the one described in RBf)]. Electrons  excited molecules is compared directly to that of the ground-
are thermionically emitted from a low-temperature bariumstate molecules and the background by first collecting data
oxide cathode. A set of three mesh-covered apertures accdrom vibrationally excited molecule$with pump lase(s)
erate the electron beam toward the scattering region. Thenl, then from ground-state moleculésith the pump laser
0.7-eV full width at half maximum electron energy spread isblocked, and then from the backgrourtdith the molecular
primarily due to the thermal distribution of the emitted elec- Peam blockefiwhere the signal is collected for each of these
trons. The magnitude of the magnetic guiding field is aIO_three cases for 10 s. These_ data collection cycles are repeated
proximately 100 G. Negative ions formed in the molecular-20—100 times per data point.
beam—electron-beam interaction are mass analyzed by a
Wlley and McLaren type TOF mass Spectromé@] |ons B. Laser prepara’[ion of Vlbl’atlona"y excited sodium dimers
are collected with a pulsed, 100-V/cm extraction field, pass The primary objective of implementing vibrational exci-
into a region where they are further accelerated by a secongdtion techniques is to transfer as many molecules as possible
electric field to a total energy of 900 V, and finally enter thefrom an initial low-lying rovibronic state into a well-defined
TOF field-free region for mass analysis. lons are detected bfinal distribution of excited states or, ideally, into a single
a trio of microchannel plates arranged sequentially in a chevexcited quantum statéa review of optical state selection
ron configuration. A 100-G magnetic field can also be ap-methods can be found in Réb3]). The use of a supersonic
plied to the TOF's field-free region to deflect stray electronsbeam source is essential to attaining this objective. The in-
(originating from the electron beamaway from the charged herent capacity of such a beam source to cool the internal
particle detector, thereby reducing detector noise and indegrees of freedom provides an ensemble of molecules
creasing the detector life. This mass spectrometer provideswahose internal state distribution has been compressed into a
high repetition rate, good rejection of stray electrons, and aarrow band of rovibronic states, allowing excitation to take
resolution of better than 1 at 23 atomic mass units. place from a single rovibronic state that contains a relatively

The electron beam and TOF were tested by measuring tHarge fraction of the entire molecular population. We have
energy dependence of Oproduction through dissociative choosen thexlzg(vgzo,jgzg) level as our initial pump
attachment of electrons to G@nd by observing §F pro-  state, because it resides near the maximum of the population
duction from electron attachment to $SH hese tests accu- distribution established in our molecular beam. This state
rately reproduced previously reported res(1§,35,53. Be-  contains 8.0% of the total Ngpopulation.
cause the energy-dependent electron attachment cross sectionAs indicated above, we use two distinct methods for pre-
of SK; decreases rapidly for collision energles 0, both the  paring vibrationally excited molecules. The technically less
electron energy distribution and the zero-energy calibratiomlemanding method, FCP, is used to perform a general survey
of our electron beam source can be established by examiningf the behavior of the DA rate over a broad range of vibra-
the Sk~ production as a function of electron energy. Figuretional levels. The conclusions drawn from the analysis of
3 shows the S§ rate as a function of the electron energy, these data are then tested using the highly selective, but ex-
which is given by the potential difference between the cathperimentally more demanding, STIRAP technigisee be-
ode and the collision region. This is a direct measure of théow).
energy distribution of the electron flux. The FCP method of preparing vibrationally excited mol-

DA data for both excited- and ground-state;Maolecules  ecules [53,54 relies on spontaneous emission occurring
are collected using the following timing sequence. The elecfrom a judiciously chosen electronically excited state. Opti-
tron beam is pulsed for 0.25. After a<< 0.1us delay to  cal fibers guide the output of a single-mode, cw dye laser
allow the escape of electrons from the scattering region, théCoherent 699-20to the optical-pumping chamber where

Counts [arb. units]

Electron Energy [eV]
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TABLE I. Average vibrational level and average vibrational energy in the XF&EJ manifold due to
saturated FCP via thAlzj(v’,10)<—XlEg+(O,9) pump transition. The values presented in this table take
into account the dependence of the transition dipole moment on internuclear distance.

(v',10) 0 1 2 3 4 5 6 7 9 10 13
" 5.98 6.8 7.64 853 9.48 10.5 1146 1242 1414 1489 16.96

E,(ev) 0126 014 0155 0.17 0.186 0.203 022 0236 0.264 0.276 0.307

the laser radiation crosses the molecular beam at right angles.

The laser is tuned to an AZ[(v’,j’=10) . /2 v"B",j")
—X'2 7 (v5=0,j5=9) pump transition, where the exact o7, = —o1t , @)
choice ofv’ , the vibrational quantum number of the inter- ’ 2 B(",i")

mediate pump state, will dramatically influence the final- " j"=9.11

state distribution produced by the pumping process. In prac-
tice,v’ ranges from 0 to 17 in the Namolecule. Once the where
intermediate A3 (v',10) state is prepared, subsequent

spontaneous decay redistributes the origin ; (0,9) B(v",j”)=|<v",j"|,U~(R)|v’,lO>|2vf,,yj,,Hv,vlo. ©))
population over a range of vibrationally excited levels
with j”=9 and 11 in the ground electronic state. Table | lists the average vibrational leu€], , along with the

The interaction time between the pump laser and theorresponding average vibrational energies for the vibra-
Na& molecules is, in our experimental setup, about two or+ional distributions prepared over the course of this experi-
ders of magnitude larger than the 12.5-ns lifetime of thement.

Na, A3 ! state, so that each Manolecule can undergo on The primary shortcoming of FCP, namely, its inability to
the order of 100 pump-decay cycles during its passage@repare narrow final-state distributions, is addressed by STI-
through the pump laser beam. Excited molecules that decdgAP, which appears to be an optimal technique for efficient
back to thexlzg(o,g) pumped level are excited again until and_selectlve populatlon transfer. STIRAP hgs grown out of
the initial X3, 7 (0,9) level is completely depopulated. The earlier work with Raman laser$1] and studies of “self-

. L I+ : . induced rapid passagd%2,63. A detailed description of the
residual population in th& Eg (0,9) level is monitored by hvsi . . .

. ysics underlying the STIRAP process and its experimental
observing the fluorescence produced by a probe laser dow

f he el lecule collisi sae Fi erification can be found in Ref§64—66.
stream from the electron-molecule collision regieee Fig. In practice, STIRAP requires two laser fields arranged
2). The probe laser is tuned to the

- ot N such that molecules encounter the Stokes field, which
A2 (17,10)-X"%4(0,9) transition. We accumulate DA couples the electronically excited intermediate staiteand
data from vibrationally excited Neonly when FCP reduces the final levelv , before the molecules encounter the pump
the probe fluorescence to less than 1% of the fluorescenggid, which couples the levels”=0 andv’. The Stokes
level observed without pumping. The data analysis procefaser is detuned by several power broadened linewidths from
dure requires accurate knowledge of tHedistribution after gn xlzg*(v;',g)&Alzj(U',lo) transition. The pump laser
FCP. This distribution is derived from calculated transitionjs detuned by an equivalent amount from an
probabilities between th¥'S ; and theA'S [ states. In the A'S(v',10)—X*S 7(0,9) pump transition to maintain
dipole  approximation, the transition  probability two-photon resonances between the laser frequencies and the
P(v",j";v",j") can be expressed as v"=0—v’'—vf transitions. When properly implemented,
AT non 2,3 STIRAP will transfer all of the initiaX'3. ; (0,9) population
P(”,i" 0" ")~ K" i" w0 i MWy in i D into thesinglevibrationally excitedX™X. ; (vf,9) target state.
We monitor the STIRAP pumping efficiency by tuning the
N _ . probe laser to arA'S (vp,10)—X'3 (vf,if) transition.
where thev, ;. are the transition frequencies. We in- The resulting fluorescence signal is proportional to the
clude the rgdlal dependence_ of the transition dipole momer&lz;(v;rJD population, and the STIRAP pumping effi-
r(R) [55] in these calculations and arrive at results thatgiency is calibrated by comparing this fluorescence signal to
differ significantly from the case whep(R) is assumed the fluorescence signal produced when m@zg(vg,j';
constant56,57. The nuclear wave function,j) are ob-  state is populated by FCIB5]. The final vibrational levels
tained by solving the Schdinger equation using the meth- that are accessible through STIRAP pumping are restricted
ods outlined in Ref[58] in conjunction with the Rydberg- by the need for relatively large dipole matrix elements and
Klein-Rees potentials for the)(12g state [59] and the high laser intensities in order to satsify the adiabatic require-
AS " state[60]. A complete listing of the finab” distribu-  ment[64—66. In the present paper, we present DA rates for
tion produced by FCP can be found in RE§7]. The vibra-  six individual rovibronic states prepared via STIRAP using
tional distribution produced by FCP can be characterized byhe following pumping scheme: XlEg(u’f’,Q)
either the levelv’ excited in theA state, or by the mean A3 '(v’,10)—X'2(0,9) with (vf,v') chosen to be

vibrational excitatiorﬂ;’, which is given by (10, 5, (12, 5, (14, 6, (22, 9, (23, 9, and(24, 9.



53 DISSOCIATIVE ATTACHMENT OF LOW-ENERGY ELECTROIS . .. 3329

<104 - ' - T T ] from the negative ion signal§ andSy(0) with and without
6 F A No e Nay (v'=0) laser excll,tatlo_n”, respectively, ,)/v_f)’ek@,j ) is the DA rate
N« Na, (¥ =115) - : for the @"=0,") state gnd<(v J7) is the DA rate for the
600 (v”,j") state. When using the selective STIRAP method to
4 . £ 400 /\ J achieve selective vibrational excitation, these signals are re-
@ : S0 oo | . lated to the rate constants according to
§ I 0 boauBBoooobaagaooam
@) L A 5.0 55 60 _ o o
2 [ / Fign T e ] So(0) =2 Bu(0§")k(0"), ©)
j
0 | Ana6 é_%_u_c=5>0 ABAAAAAAAA ] V\{herey is a con;tan't factor reIaFing the rate constar!ts to the
] signal andpB(0,j") is the relative thermal population of
! . L . L ] level (v”"=0,"). The value ofy is independent 06" since
50 5.5 6.0 the initial kinetic energy of the negative ion<Q.5 eV is
Flight Time [usec] very small compared to the extracti¢h00 e\) and accel-

o eration (800 eV} energies. Therefore the collection and de-
FIG. 4. Time-of-flight spectra for”=0 (OJ), vg=11.5 (A),  tection efficiency of the negative ion does not depend on the
and background signak). The inset shows the”=0 and the injtial vibrational level of the molecule. In the following ar-
background spectra on an expanded vertical scale. gument, we assume that the DA rate is not strongly depen-
dent onj”. If k(0,j”)=k(0), Eg.(5) reduces to

_ , _ , So(0) = yk(0). (6)
Figure 4 illustrates several typical TOF spectra: the main

panel shows the Na signal produced by DA of Nawith ~ The signal produced by laser excitation is
average vibrational excitatiar’ = 11.5 (established via FCP " . " -
through thev’ =6 intermediate pump levelThe signal pro- SL(") = YL Bu(0J")k(v") +K(0) = Bin(0J)K(0)]. (1)
duced by DA of Na with no vibrational excitation is also combining Egs.(4)-(6) we find the DA rate produced
shown as is the background signal when the molecular beaffrough STIRAP pumping,
is blocked. The mean electron energy was set to approxi-

C. Data accumulation

mately 0.4 eV and adjusted to maximize the Naignal .. k@") 1 S (v")—S(0)

i istributi ZsTral(V") = = 7 +1,
resulting from Naw”=0). The electron energy distribution k(0)  Bwm(0,j") So(0)
was kept unchanged for the collection of data frofi0. (8)

The inset of Fig. 4 shows the background signal and the - . . . .
Na~ signal produced by Nawithout vibrational excitation where j” refers to the rotat.|onalll level in the V|brat|onql
on a magnified scale. The large difference in signal level round state whose population is transferred to the excited

that can be achieved through vibrational excitation is obvi-evel v”. In this experiment we have usgt=9. We have
oUS 9 determined experimentally the relative thermal population,

We calibrate the electron energy by adding from time toB”‘(O'g)' to be 0.08. When the Franck-Condon method of

time trace amounts of $Fas a background gas to the scat- vibrational pumping is employed, the DA signal is

tering chamber and monitoring the energy dependence of the (v")=[Kk(v")+k(0)— B(0,j")k(0) 9)
SFK;~ signal. The predicted threshold energy of the DA pro- = " Pl O ]

cess for Naw”=0) is approximately 0.2 eV. Therefore, the with

DA thresholds for vibrational levels”>0 should range be-

tween 0.0 and 0.2 eV. Ziesel, Teillet-Billy, and Bouky7] "o S "

observed the peak DA cross section of,Na an effusive k(v') ;‘ Becdv")k(v"), (10
beam to be 0.050.05 eV. At this low electron energy, only

molecules in vibrational levels close to the exoergic limit Canwhere,B’;eF(u”) is the relative population the” level estab-
contribute to the DA signal. In an effusive beam these levelsished by spontaneous emission from thelevel of the elec-

are _only_ weakly thermally populated. The bro_ad_d'St”bUt'Ontronically excited state, aﬂﬂf:,cp(v") is normalized such that
of vibrational levels prepared by our laser excitation methods

leads us to expect the DA processes anywhere in the range

0.0-0.2 eV. > Brcr=Bu(0.9). (11
Ill. RESULTS AND ANALYSIS Instead of Eq(8) we then have
e 3 serso
The objective is to derive the enhancement of the DA rate (12)
k(v",j") Figure 5 shows?rc{v'), the enhancement of the DA rate

A= k(0,j") “ produced by FCP, for a number of vibrational distributions;
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Franck-Condon Pump Level v FIG. 6. Measured enhancement of the DA ra@) (for indi-

vidual rovibronic states prepared through STIRAP pumping. The

tion of the FCP intermediate pump leve! (lower scal¢ and the horlzontgl scale indicates which bas (.9 state is prepared gnd

average vibrational state”, (upper scale The left-hand scale the vertical scale show the enhancement of the DA rate with the
v’ overall pumping efficiency8.0% taken into account. Also shown

Z:fﬁ:vifn::h%egf;; ?;(egr]]eirr:tto()fa(tzgguaf ;\?st,‘cs) lvk:?wt:(;rzvti?:ez%rlrt]spgf%re the resulting best fit of our hypothesized vibrational dependence
yie. ) of the DA rate to data generated through FCP assuming an expo-

r nalysis pr r ming an exponential nden . .
our data analysis procedu ,e assuming an exponential depende Cen%ntlal dependence of the DA rate constdnf) (andv =10 (solid
the DA rate constant and,' =12 (O).

line), vg=12 (solid line with open circles and v;=14 (broken
line).

FIG. 5. Measured enhancement of the DA ra®) (as a func-

the statistical errofthree times the standard deviatidior
these data is approximately5%. The data shown in this the region where the DA rate is only weakly dependent on
figure were previously reported by us in Rp47], save the v”. The enhancement of the DA rate can now be determined
point atv’ =9, corresponding te”=14.1, which we have by combining Egs. (100 and (13), yielding
since measured. Furthermore, the average vibrational excita-rce(v") =k(v’)/k(0). When any two of the three param-
tion v” associated with each data point differs slightly from €t€rskmax/Ko, @, andv are chosen the third one is fixed as
that given in Ref[47] due to improvements made in calcu- Well. In Eq. (12), v¢ and the maximum enhancement of the
lating the A'S, ;XS ¢ transition probabilities. Figure 5 DA rate, kma/ko, serve as free parameters. For various
shows two regions of characteristic behavior farfv’).  choices ofv¢; the value ofkya/ko is derived from a least-
In the range &v"(v')<8, Zrcl(v') increases by about Squares fit of Eq.(12) to the experimentally determined
three orders of magnitude, bit-c(v’) increases by only © rce(v’). The results are shown in Fig. 5. Due to the rela-
about 50% more fOW(v')ZS. This behavior is reminiscent t|ygly broad vibrational distributions, this fit is not very sen-
of that predicted for b, D,, and Li, [2-8,10 where the sitive to the value of ¢ ; nevertheless, we are able to confine
vibrational dependence of the DA cross section changedc 0 the range 1&v <14. .
abruptly when the molecules’ internal energy exceeds the The highly selective STIRAP method remedies the short-
potential energy at the crossing of the neutral and negativeoming of the FCP method by yielding state specific en-
ion curves. However, because of the relatively low vibra-hancements of the DA rate&{srrap(v”), Without the need
tional selectivity of the FCP method, extracting the relativefor further model-dependent data analysis. Figure 6 shows
DA rate for individual vibrational levels from FCP data re- the enhancement of the DA rate produced by STIRAP pump-
lies on several assumptions as described below. ing along with the least-squares fit of E4.2) to FCP data
Guided by the approximate functional form of the theo-whenu( is taken to be 10, 12, and 14. The enhancement
retically determined DA cross section for,HD,, and L,  “stirad(v”) determined from the experiment at very high
[2-8] as well as by our experimental results, we assume thatibrational excitation is compatible with our model for
the DA rate exhibits the following vibrational dependence: 10<v <12, while the enhancement for small is compat-
ible with 12<v =<14. Two observations are evident from
these data. First, the enhancement of the DA rate for rovi-
bronic levels well above the exoergic limit, i.e., for the
(v”,j") levels(22, 9, (23, 9, and(24, 9, is independent of

, . , v” within the limits of the experimental uncertainty. Second,

wherek, is the DA rate for” =0. According to Eq(13) the  the behavior of the DA rate from low to high” clearly

DA rate increases exponentially until it reaches its saturanrboints tou” =12 as the critical leveb” . i.e.. the level that
cr "Cn

k eaU”
k(U”): 0

if v"<vg
k if ”> n (13)
max UV =VUg¢,

value of K= koe“”g at the critical vibrational leveb .
Above vy, the DA rate remains constant. As defined here

”
vC

marks a significant change in the vibrational dependence of
the DA rate. These results also fix the valuekgf,/kq at

is reminiscent of the exoergic threshold that theoreticall.9x10°. The STIRAP data point ab”=12 suggests a

studies[2—8] predict should delineate the region where thelarger DA rate as compared td >12; however, further ex-

DA rate increases approximately exponentially withfrom

periments will be required to reduce the error bars before a
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TABLE Il. Characteristic data for the Naand Ng~ potential curves.

Calc. Expt. Other calc.
Na EA (eV) 0.547 0.54468] 0.541[24]
Na, D, (eV) 0.744 0.74467] 0.679[24]
R (nM) 0.3073 0.307967] 0.3189[24]

we (cm™1) 158.335 159.10067] 149.500[24]
EA (eV) 0.437 0.46324]
Na,~ D. (eV) 0.638 0.56924]
R (nm) 0.3494 0.365(24]

we (cm™1) 103.153 98.50024]
Nay/Na,~ E(Ry) (eV) 0.229 0.20422]
Rs (nm) 0.3958 0.410122]

Na, Eyi(v"=11)—E(Rs) (cm™?) -118.2
Eyi(v"=12)—E(Rs) (cm™1) 22.6

conclusive statement can, based on experimental data, be For internuclear distancd®>0.4 nm, the bound\ state
made. shows a remarkably flat shape in spite of the dominance of
The accuracy of the absolute value faf../K, depends  the core-excitedor Feshbachconfiguration brylaj (core
on the accuracy to which the absolute transfer efficiency igypitals are not countedThis may be understood from the
known. Since thex'X (22,9) level was prepared through fact that strongs-p mixing enhances the bonding effect of
STIRAP pumping with a transfer efficienc§=0.98 (as  the 1o, orbital but reduces the antibonding effect of the
measured by laser-induced fluorescence techniquesex- 14, orbital. In addition, for decreasing internuclear sepera-
pect no more than a 2% uncertainty in the resulting value ofionsR, this state aquires an increasing contribution from the
K max/Ko- The X' 5(23,9) level and the&'X;(24,9) level  shape-type structure o204, which actually amounts to
were prepared witf=0.90. The question therefore arises as3po, atR=0.4 nm. The inset in Fig. 1 displays the crossing
to the fate of the missing fraction of molecules orginally in region in more detail and also indicates the vibrational en-
thexlzg(O,Q) level. Do these molecules remain in the initial ergy levels of Na (X). The decrease of the-state potential
X34 (0,9 level, or are they dispersed over a distribution of prior to its crossing with Na (X) is a real effect and is
vibrationally excited levels? By using two probe lasers toconnected with the electron distribution becoming rapidly
simultaneously monitor the population in the initial and themore diffuse as the crossing point is approached. The con-
final levels, we confirmed that95% of the population ini- tinuation below the crossinfower dashed curyegives the
tially in the xlzg(o,g) state either remains in the initial state energies as obtained variationally from the finite basis used
or is transferred to the ﬁnaxlzg(v’f’,g) state. Conse- and is therefore an artifact depending mainly on the exponent
quently, the uncertainty of the maximun enhancemenof the most diffuses function(0.003 in our case The proper

Kmax/ Ko due to the uncertainty in the absolute valueTols  definition of the resonance state is rather involved and, rig-
less than 5%. orously, requires full-scale electron scattering calculations

for Nay(r)+e~(¢), Which are not attemped here. A simple Fesh-
bach projection based on removing all shape-type configura-
; i ati 2y + .
B. Theoretical characterization of the resonance staté\ Eg tions 10_2nag produces a pure Feshbach statpper dashed

In order to provide the basis for a theoretical analysis ofine in Fig. 1) which is subject to a large shift due to its
the vibrational enhancement of DA in collisions of low- strong interaction with the continuum. Thus, on the one
energy electrons with Na we have performed electronic hand, the resonance state requires at least one shape configu-
structure calculations based on pseudopotential valencgation 105209. On the other hand, the free variation of its 2
electron multireference configuration interactio®dR-Cl) a4 orbital would turn this into a very diffuse representation
as well as all-electron self-consistent fiel8CPH valence of an unbound electron of low energy, and the shape con-
MR-CI with an effective core polarization potential as de-figuration would then dominate the state leading to the low-
scribed in Refs[69,70. Both approaches have been shownest dashed line in Fig. 1. Therefore the variation of tog 2
to yield dissociation energies, excitation energies, and eledias to be constrained. Instead of restricting the range of the
tron affinities of alkali dimers to better than 100 ch[69— 204 orbital by arbitrarily limiting the basis set, we use the
71], provided reasonably saturated basis sets are used. Figu#lowing approach: All shape configurationszréncrg for
1 displays bound state potential curves forZNG%EJ and n>2 are removed from the configuration space and the or-
Na,~ X3, AZEg as obtained with an$ 6p, 3d valence bital optimization in the multiconfiguration-SCF step is con-
shell Gaussian-type orbitdGTO) basis for each Na and a strained by prescribing a fixed ratio for the coefficients of the
3s, 3p GTO set at the center of the molecule. Some pertitwo leading configurationsdéZag and ]aglaﬁ. This pre-
nent atomic data and characteristic data of these potentiaterves a relatively compact shape of the, drbital reflect-
are collected in Table 1l. Comparison with experimental datang optimal interaction between the two configurations. Such
and other theoretical results serves to establish the reliabilitg constraint is, of course, lifted in the following MR-CI step.
of our results. The ratio has been chosen as 0.5, which is close to its value
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FIG. 7. Excess electron energies calculated as Energy [eV]
E[Na,~(*24)]—E[Nay(X'% )] from MR-CI using very diffuse
basis functions and an electron-confining potentisée text FIG. 8. Calculated dissociative attachment cross sections
Dashed line: resonance state as in Fig. 1. aé) as a function of incident electron energy for rovibrational states

of Na, with j”=9 andv” ranging from 0 to 24.

for the A state atR=0.42 nm. This procedure results in the iy o\ related to the electron energy by Wigner's threshold
potential represented as the middle dashed line in Fig. 15, tr s partial waves, i.eV (€)=Vqe"® The local reso-
Reassuringly, the potential is rather stable against changes ghnce width is derived from the difference potential via the

the constraining ratio. _ _ resonance conditionse,(R)=V,-(R)—Vx(R) as I'(R)
Further support for this potential may be drawn from F|g.:2WV§[Er(R)]. The cross section for dissociative attach-

7 V.Vh'Ch d|§plays preliminary regults for excess electron €Mment of an electron with energyto Na in its rovibrational
ergies [defined as energy differences between , Na 0 . .
statey,, ., Is obtained as

(A’3y) states and the Nads/) statd as obtained from
MR-CI calculations where the molecule has been placed in i

an electron-confining potential with a range of about 3 nm. opa(v”, €)= — Vlim | xurin (R, (14
The resonance potential is seen to match well with the vis- € R—e

ible perturbations of the discretized continuum. ThewhereM is the reduced mass of Nandk the assymptotic

resonance-state potential crosses DKI%'EJ potential at wave vector of the separating nuclgj+(R) is the solution
R=0.396 nm and at an energy of 0.229 eV with respect to P g NUCKLj»

the XS, equilibrium energy. This places the crossing very
close to the classical outer turning of thé=12 vibrational |
level, in gratitfying agreement with the conclusions from the| Ty+ VA (R)— ST (R)—Eyrjr—e Xorir(R)
measurementgNote that the exoergic limit lies between the
levels v”=10 andv”=11.) At shorter distances our reso-
nance state potential is considerably more repulsive than that
suggested in Refl22]. The vertical attachment energy is
about~0.4 eV, i.e.,~0.2 eV above the crossing energy. For
the corresponding state of Ji, a pronounced minimum

== Ve(€)xyns(R) (15)

with  the outgoing wave boundary condition,
x(R)—exfdi(kR+ 8)]. The coupling strengtV, has been

) ! adjusted to the observed enhancements—best agreement was
with a vertical attachment energy 6f0.3 eV was reported found forF0=2wVS=0.026 a.u. Furthermore, the calculated

[23]. It remains to be seen whether these differences in th ! . .
shape of the potentials or differences in the width functions?esonance potential has been slightly shifted to match the

are mainly responsible for the quite different vibrational en_calculated crossing point accurately. The theoretical cross

. S sections are shown in Fig. 8. For vibrational levels=12,

hancements calculated for,LiFurther work is in progress to : Y
: . .the low-energy cross sections behave eas’? due to the
extract, from the calculations whose results are displayed in

Fig. 7, electron phase shifts and the resonance width requiregdf’:uthmepr:'?grgrgidgl:gg ?q'e-g:)en t?ittr)%?ignzz fgr:)w%elgfrrgﬁs
for a detailed analysis of the detachment dynamics. e<20 meV. As in the experiment, the electron flux distribu-

tion obtained in the Sfelectron attachment measurement
(Fig. 3 has been shifted in energy to maximize #ie=0
Even though a full description of the electron attachmentDA rate, resulting in a peak energy of 0.4 eV. The enhance-
process in terms of electron phase shifts or width and shiftnent factors obtained from this flux distribution are shown in
functions is not yet available, we may derive theoretical en+ig. 9 as solid line. There is quite reasonable agreement with
hancement factors using the traditional resonance theory ithe STIRAP measurements, apart from the distinctive slope
an approximation similar to that previously applied to, e.g.,in the theoretical enhancement factors#6e= 14. In view of
H, [2,5] and Li, [3]. The resonance-continuum coupling is the uncertainty in the threshold electron flux distribution we

C. Theoretical enhancement factors
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<10° - . - T tation at highv”. The data generated with FCP are modeled
I ] accurately by assuming a vibrational dependence of the dis-
25¢ sociative attachment rate according to EB), which deter-
[ mines the critical vibrational level ag=12+2. The maxi-
g 20r mum enhancement occurs when”>v! and is
g I Kmax/Ko=1.9+0.1x 10°. The error is primarily due to the
% 15r uncertainty inherent in determining the relative population of
= the initial X'X ;(0,9) level[see Eq(12)]. Using the method
o 10r of stimulated Raman scattering with adiabatic passage to
I prepare individual rovibronic states, the observed behavior
05 of the DA rate substantiates the validity of the model defined
in Eq. (13). STIRAP based data furnish a maximum en-
004 s 10 15 2 2 hancementk,,/ko of 1.9X10° and suggest that.=12.

Vibrational Level v" These results compare well with oab initio calculations,
which predict a crossing between the neutral and ionic po-
FIG. 9. Theoretical enhancement factors of the DA rate. Solidtential energy curves at an internuclear distance close to the
line: electron flux distribution as shown in Fig. 3 with peak at 0.4 outer turning point of the vibrational level’=12.
eV; I'y=0.026 a.u., dashed line: flux distribution damped for low  Future work is planned to study the vibrational depen-
€, see text'y=0.0275 a.u., and solid circle: experimental values dence of the DA rate in more detail. An electron source with
from the STIRAP measurements. energy resolution of the order of a few meV and a current of

) ) about 0.5 nA, created by two-step photoionizatiosing a
show for comparison enhancement factors obtained from g, dye laser and a frequency doubled mode locked

distribution damped by *exp(—e/12meV) and a corre-  ianium:sapphire lasgrof the ubiquitous atomic sodium
sponding change df, to 0.0275 a.u. The slope at higf  hresent in the Nabeam[72], will provide accurate control
appears to be reduced but a larger discrepancy is observeder the incident electrons’ kinetic energy and will comple-

for v”=10. The significant contribution from near threshold ment the precise internal state control achieved in the present
electrons underlines that a more conclusive comparison besg,dy.

tween theory and expriment requires, in addition to the full
specification oV (R, €) and a better energy resolution of the
electron beam, a thorough analysis of nonlocal effects in the ACKNOWLEDGMENTS
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