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Experimental study of dissociative attachment in HB: Effects of vibrational excitation
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Dissociative electron attachme({@A) to H, has been studied by measuring the outgoing kinetic energies of
the H (1s?), with H(nl) in n=1 and 2 exit channels. The electron enerdigstudied are 3—16 eV. Effects
of vibration-rotation population in fare seen, and the DA results herein are modeled in terms of known cross
sections for attachment from,tb”,J”). Use is made of magnetically confined electron and ion beams with
trochoidal deflection to measure outgoing ion enerdi®4050-294{©9)01506-1

PACS numbd(s): 34.80.Gs, 82.80.Fk

. INTRODUCTION ions H", H™, and K" is indicated, although only H pro-
duction and detection is relevant to the present study. The

The study of low-energy electron scattering from molecu-experiment is carried out within a uniforn® T magnetic
lar H, is critical to the understanding of the basic propertiesfield. Electrons(e) are extracted from a hot, hairpin tungsten
of this system, such as resonance phenomena and cross sgamment(F), accelerated to the desired final eneBgyin the
tions[1-7], and potential-energy curves and their asymptoticrange 3—16 eV, and crossed with a beam ¢&Husing from
limits [8—17]. These data are also required to account corg 1-mm-diam hypodermic needle. The emergingibhs and
rectly for the processes active in hydrogen negative-ion disparent-beam electrons are extracted from the collision re-
chargeq 18-21]. For example, the surprising observation of gion, and deflected in a trochoidal monochromaiv). No
hydrogen-atom wall recombination to produce vibrationallyjon extraction potentials were used, and the extraction field
excited H molecules within a hydrogen plasma is relevant toarising from contact potentials only is estimated to be less
the modeling of these high-brightness ion soul@%-23.  than about 30 V/m. The energy width of the confined elec-

The present work deals with measurements in the dissaron beam was measured to be 0.4 Ml width at half
ciative attachmentDA) channels in B By analysis of the  maximum(FWHM)]. Use was made of a retarding potential-
kinetic energy of the atomic ionic fragment, one is able todifference technique with the retarding potential applied to
identify the electronic state of the neutfaindetectelatom  the electron Faraday cup EC
[26]. Because of the large variation of the DA cross section Within TM the faster electrons are deflected only several
with the H, ground vibrational level3,9,10,14, one is also  tenths of a millimeter and are collected in £CThe plates of
able to see clear effects of attachment to molecules which arem are biased symmetrically about the ground potential. The
in excited vibration-rotation levels of t 'S ;' ground elec- electric field of TM is swept linearly to velocity-analyze the
tronic state. These levels appear to be populated by thiens. The transmitted ions spiral through two slits and a
mechanism observed earlier, namely dissociation of h®H shielded transmissioffR) cage. TM transmitsn,=1 par-
H atoms by a hot electron-gun filament, followed by wall ticles, both positively and negatively charged. At the electron
adsorption, recombination, and release gfd4,J”) into the
collision region.

The negative-ion reaction channel studied is DA, |

e(Ee) + Hy(X 12y v"3")—H(Nh)+H™(1s?). (1)

Here,E. is the incident electron laboratory energy andhb(

are all energetically open exit channels for the H atom. Using
the methods outlined previously for tiee- NO system[26],

one is able to identify in Eq(1) the various open H{l)
channels by measuring the kinetic energy of the outgoing H
ion.

Details, unique to the present work, of the magnetically | l
confined, trochoidal-analysis system, as well as the kinemat- ;5 1 schematic diagrartnot to scale of the magnetically
ics of the DA system, are given in Sec. Il. Results are préggnfined trochoidal system, shown with capability to produce the
sented and discussed in Sec. Il in terms of attachment Vigeyeral species H H-, and H". Electrons(e) from a filament(F)

the excitedv”J" levels, and in terms of the potential-energy collide with ground-state or vibrationally excited, Ho form H-
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curves leading to the=1 and 2 exit channels. ions by DA. The electron energy range is 3—16 eV. The ions and
electrons are separated by the trochoidal monochrom@diet),
Il. EXPERIMENTAL CONSIDERATIONS which also analyzes the different ion velocities as its electric field is

swept. The velocity-analyzed ions spiral to the transmission cage
A schematic diagram of the apparatus is shown in Fig. 1TR where the sign of chargenly H™) is selected by the potential
and described elsewhef@6,27. Here, operation with the on the central grid. The analog ion sigriis detected at FC
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FIG. 2. Dissociative attachmentHnergy spectrum for 3.8 eV FIG. 3. Same as Fig. 2, but at an incident electron energy of

incident electron energy. Experimental data are solid points. Thd0.0 eV.
spectrum is modeled in terms of a rotation-vibration population at a

single indicated temperatufie and DA cross sections from excited * . . . .
v"J" levels[22]. All curves are normalized to the peak of the ex- where E,,;, is the vibration-rotation energy in the,{X)

perimental signal. The shaded interval beneath the peak is the esfate,Dg the X-state dissociation enerd®.7238 eV, A the
pected peak width in the absencevdt” excitation €*,,,=0), as  electron affinity of H(0.7542 eV, andE* the energy sepa-
calculated from Eqgs(2) and(3). Error bars here and elsewhere are ration of states H{=2,3,...) relative to Hf=1). The effect
statistical, and are shown at the- imit. of E:,, IS to serve as a source of internal energy via vibra-
tion and rotation, just as the electron affindyis an elec-
energies used here, only Hons are formed7]. Hence the tronic energy source. One may use E@.and(3) to calcu-
central grid of TR could be biased130 V to transmit H late the laboratory energies of 'Hand compare them to
and reject other positively charged background species. Th@easurements.
negative ions are detected in an analog mode in a second ion Shown in Figs. 2—4 are experimental ion-energy spectra
Faraday cup (F@. The ion currenSis digitized and stored ~corresponding to the DA process given by Eb). The three
in a PC. Typical operating pressure near thg béam is  electron energie$3.8, 10.0, and 14.3 eMvere selected to
6.5<10 °Pa and at the detector F®.5x10 ' Pa. The correspond to the maxima in negative-ion productib2,7).
electron current £10 7A) and ion current £10 **A)  The attachments aE.=3.8eV (Fig. 2 and E.=10.0eV
were kept sufficiently low so that space-charge broadeningFig. 3) are at electron energies below thert4(2) threshold
effects in either beam were minimétlectron$ or absent SO that only a single peak is observed. The excitatioBat
(ions) [27]. =14.3eV is just above the opening of thert# 2) channel.
Hence one observes two Henergy components correspond-
IIl. RESULTS AND DISCUSSION ing to the H atom in am=1 or 2 state. The shaded region
under each spectral peak corresponds to the range of labora-
lon-energy spectra for the DA procd€s. (1)] are shown
in Figs. 2—4. To understand the energetics of the collision 44

system one treats, as in the MO study[26], the H and H _
fragments as emerging from a zero center-of-ni&$d) en- 2 sl
ergy. The energy distribution of the outgoing lbn is given S
by [28] g 0.6
g
M 4u 12 E o4t
Ei:_AECM+C056 _EOAECM . (2) ‘£
mH M w .
E 0.2}
Z .
Here, E; is the ion’s laboratory energyny is the atomic L. . .
hydrogen massy the reduced mass, and the total H *r'mn=2 n=t
mass. The angl® is the CM angle of the outgoing Hion 00 20 40 60 80 100 120 140

relative to the CM velocity along the incident, Hirection. ION ENERGY E;j (eV)
The initial (therma) H, energy isE,, andAE¢y, is the total

CM energy available to fragment translation. This last quan- F'G- 4. Dissociative attachment Henergy spectrum for 14.3
tity is given by eV incident electron energy. Modeling calculations are as in Fig. 2.

The shaded intervals below each peak are the expected peak widths

with E*,.,=0, as calculated for the final atomic statesi=(1) and
AEcy=[Ee+EZ,,,—(Dg—A+E*)], 3 Hn=3)
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TABLE |. Energies of H (stated to 0.001 eMrelative to H, X cited levels—proportional to the producpopulation

(v"=0,3"=0). X opa(v”,J")—can be comparable to thé =0 rate.
To model the observed spectra in terms of excitéd”
Limit Energy (eV) levels, the Boltzmann vibration-rotation population of &t
H (1) + H(19) 3724 various vibration-rotation temperaturds.,T;» was calcu-

lated. These populations were then used to weight the
opa(v”,J"). A full set of apa(v”,J"), calculated using a
local complex potential method, was kindly provided by
Popovicet al.[22]. Denoting the excited state and total den-
sities by N,»3» and N, respectively, the relative vibration-

tory energies given by Eq¢2) and (3) with 6 taken in the rotation populatiorf »;»=N, 3 /N is given by the standard
entire CM interval{0,7}. An additional small broadening of expression

0.4 eV (FWHM) due to the measured energy spread of the

H(1s) +H(1s) 4.478
H™(1s%) +H(2l) 13.922

incident electron beam was also included in the calculated (2)"+1)exp—[(E,n /T n+Ep/Ty)/K]
width. The relevant spectroscopic thresholds are listed in v Q,Q; ’
Table 1.

Identification of then=1 and 2 features was also con- WhereQ, andQ, are the vibrational and rotational partition
firmed by plotting the most probable ion enerfy against ~ functions, respectivelyE,, the vibrational energy(disre-
incident electron energf,. Results are given in Fig. 5, darding the zero-point energy, here anddp), E,» the rota-
where the indicated thresholdSable | and slope f/m,  tional energy, and the Boltzmann constant. The ion current
—1/2) are consistent with reactiofl) and Eq.(2). Also, for each transition can then be expressed as

further spectra were taken Bt=3.8, 10.0, and 14.7 eV, but —(E{—E,,—E)24In2
athalf the magnetic field intensityg=3 T), hence with half  [(E))=C>, f,npopa(v”,d")exp ' UWz ? .
the electric field at TM needed to obtain the same deflection v"3"

into FG . The purpose of these measurements was to test for ®)

effects of a larger ion gyroradius, and smaller fringing fieldsHere, W is the broadeningfull width at half-maximum due

at the entrance and exit of TM. No effects were seen, and thgy the resolution of TM26]. The coefficient: can be differ-
resulting spectra were virtually identical to those shown inent for each transition, and includes other parameters such as
Figs. 2-4. electron current, K gas density, and any electron-neutral

One sees that the peaks in Figs. 2—-4 are broader than capatial overlaps which are not needed for this relative-
be accounted for by Eq2) with monochromator broaden- intensity comparison.

ing, whereas a similar analysis in NO was able to account for |t zlso includes effects of monochromator beam shear,
the major part of the measured Qvidths [26]. The addi- and differing angular distributions of ions. Full three-
tional broadening here was presumed to be due to the pregimensional (3D) field-and-trajectories calculation§29]
ence of vibrationally excited Jimolecules in the target re- show that the latter effect is more important. That is, high-
gion. While these densities are quite sl low as 10° angle scattering will give a small forwargparallel to B)

the v”=0 population[23,25), the variation of DA cross e|qcity component, and those ions will be deflected further

section apa(v”,J") with v” is quite steep, increasing by j, 1\ This effect would show up as a tailing of the=1 or

about a factor of 5-10 per vibrational level for the lower ooy towards lower ion energies, and cannot be responsible
levels[3,9,10,14,22,2p Hence the attachment rate from ex- for the higher-energy ions observed in Figs. 2—4. As a check,

using the identical experimental geometry, we measured ion-

L I L L L L B B B B S B energy spectra for the systemS/CO consisting of two tran-

ao_— coH e sitions, and O/O, having one transitiofi29]. Each of these

l 2 2] transitions has a symmetry for the intermediate C®",11)
S 50 g _ or O, (11, ,Eg) state which allows scattering at 9030].
2 1 o - We have obtained very good agreement with previously pub-
o 40 /” - lished ion-energy spectra in both molecules. Results on these
g r n=l 1 additional systems, including the 3D trajectory calculations,
‘ué: 30~ /,’f 7 will be published separatef29].
z | A i One may model the experimental results by assuming a
o 201 el ] series ofT,» and T, in Eq. (4), then calculating via Eq5)

10k Pl n=2 ,» | the expected signdl(E;) relative to the peak signal in the

I e | A experiment. From the first calculations it became clear that
0.0 A S RPN R R I Y- the fits were not very sensitive to the separate temperatures,

3.0 5.0 7.0 9.0 11.0 13.0 15.0 17.0

ELECTRON ENERGY Eq (eV) so that all subsequent calculations were carried out using a

single temperaturé=T,,=T.. The effect of the vibration-
FIG. 5. Energies of the Hions at their peak intensities, plotted rotation energy is to extend the range of possible éter-
against electron energy. The straight lines correspond to a kinemat@es to higher energies. This is clearly seen in Figs. 2—-4. One
slope ofu/my=1/2. Measured threshold energi@srows are con-  also sees that a single temperature of 1150 K adequately fits
sistent with those for the opening of tike=1 and 2 channelésee  the DA results. Previous work had indicated two regimes of
Table ). relaxation[22,23. One corresponded to littke”J"” relaxation
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18 T path for H-H, collisions of 100 cm. Hence the excited, H
H o H are likely making multiple collisions with the lens walls,
161 w20 | rather than with other molecules, to relax to lod” popu-
1alL ] lations.
To understand the mechanism for ion production, one
121 - must examine the possible potential-energy curves involved.

The relevant states of Hand H,~ are given in Fig. 6. A

. Franck-Condon region is shown within the shaded vertical
bars. The observed ion energies can be justified through the
intersection of the Franck-Condon region with the potential-
energy curves. The DA channel Hls?)+H(n=1) is ac-
H(1)+ HElo) cessed through the stat¢$3 | andB °X ; of H,™ [8,10,15.

-h
o
T

ENERGY (eV)
[o-]
T

4t S _ . Identification of the state) leading to H (1s?)+H(n=2) is
H e more uncertain, but at least oR2 ; state has been identified
2r ] as responsible for the seriésresonances, and leads to the
ok ] appropriate atomic asymptof@é1-13. In terms of angular
distributions[30], the firstX 'Sy —X?X [ transition would
005 10 15 20 25 30 35 % pos give an H differential cross sectiofiDCS) peaking at 0°;

INTERNUCLEAR DISTANCE (A) the X '35 —~B®%; peaking at 0° and 90°; and te's;
—“3, (seriesb) peaking at 0° and 90°. This agrees with
FIG. 6. Partial potential-energy diagram foy bhowing the rel-  experimental observations reported in at least the first two
evant electronic states and asymptotic limits. The vertical lines witrcaseg4]. There do not appear to be experimental DCS'’s via
shading represent edges of the Franck-Condon region, starting frothe higher-energy states leading to tre 2 channel. Also,
a vibrationally excited level, taken here a%=2. otherH, ™ states are undoubtedly contributing to this channel
but the number, symmetry, and asymptotic limit of these

under conditions of low kipressure. This gave two tempera- states must await accurate potential-energy calculations in

tures T,,=3000K and T,,=550K. The second corre- this higher-energy region. Further experimental and theoret-
v . . :

sponded ta)"J” relaxation under conditions of high source ical data on the higher-energy,Hstates would seem to be

pressure or a large number of relaxing collisions, which gav&2a/ed for.
closer temperature$,»= 1800 K andT;»=1500K. Present

results correspond to a higher-relaxed regime, with results
T=T,=T;»=1150K. The relaxation is probably due to the = We thank C. Schermann for providing us with calculated
fact that vibrationally excited § formed by the sequence of DA cross sections for H{v”,J). We also thank M. R. Dar-
molecular dissociation at the tungsten filamérig. 1), fol- rach and J. B. Greenwood for helpful discussions. This work
lowed by surface recombination and ejection, must migratavas carried out at the Jet Propulsion Laboratory, California
about 7 cm through the electron-gun lens stack towards TMinstitute of Technology, and was supported by the National
after which attachment cannot occur. An estimated averag8cience Foundation through agreement with the National
pressure in the stack is 1®Pa corresponding to a mean free Aeronautics and Space Administration.
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