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Experimental study of dissociative attachment in H2: Effects of vibrational excitation
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~Received 15 January 1998; revised manuscript received 22 December 1998!

Dissociative electron attachment~DA! to H2 has been studied by measuring the outgoing kinetic energies of
the H2(1s2), with H(nl) in n51 and 2 exit channels. The electron energiesEe studied are 3–16 eV. Effects
of vibration-rotation population in H2 are seen, and the DA results herein are modeled in terms of known cross
sections for attachment from H2(v9,J9). Use is made of magnetically confined electron and ion beams with
trochoidal deflection to measure outgoing ion energies.@S1050-2947~99!01506-1#

PACS number~s!: 34.80.Gs, 82.80.Fk
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I. INTRODUCTION

The study of low-energy electron scattering from molec
lar H2 is critical to the understanding of the basic propert
of this system, such as resonance phenomena and cros
tions@1–7#, and potential-energy curves and their asympto
limits @8–17#. These data are also required to account c
rectly for the processes active in hydrogen negative-ion
charges@18–21#. For example, the surprising observation
hydrogen-atom wall recombination to produce vibrationa
excited H2 molecules within a hydrogen plasma is relevant
the modeling of these high-brightness ion sources@22–25#.

The present work deals with measurements in the dis
ciative attachment~DA! channels in H2. By analysis of the
kinetic energy of the atomic ionic fragment, one is able
identify the electronic state of the neutral~undetected! atom
@26#. Because of the large variation of the DA cross sect
with the H2 ground vibrational level@3,9,10,14#, one is also
able to see clear effects of attachment to molecules which
in excited vibration-rotation levels of theX 1Sg

1 ground elec-
tronic state. These levels appear to be populated by
mechanism observed earlier, namely dissociation of the H2 to
H atoms by a hot electron-gun filament, followed by w
adsorption, recombination, and release of H2(v9,J9) into the
collision region.

The negative-ion reaction channel studied is DA,

e~Ee!1H2~X 1Sg
1 ,v9J9!→H~nl !1H2~1s2!. ~1!

Here,Ee is the incident electron laboratory energy and H(nl)
are all energetically open exit channels for the H atom. Us
the methods outlined previously for thee1NO system@26#,
one is able to identify in Eq.~1! the various open H(nl)
channels by measuring the kinetic energy of the outgoing2

ion.
Details, unique to the present work, of the magnetica

confined, trochoidal-analysis system, as well as the kinem
ics of the DA system, are given in Sec. II. Results are p
sented and discussed in Sec. III in terms of attachment
the excitedv9J9 levels, and in terms of the potential-energ
curves leading to then51 and 2 exit channels.

II. EXPERIMENTAL CONSIDERATIONS

A schematic diagram of the apparatus is shown in Fig
and described elsewhere@26,27#. Here, operation with the
PRA 591050-2947/99/59~6!/4374~5!/$15.00
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ions H1, H2, and H2
1 is indicated, although only H2 pro-

duction and detection is relevant to the present study.
experiment is carried out within a uniform, 6 T magnetic
field. Electrons~e! are extracted from a hot, hairpin tungste
filament~F!, accelerated to the desired final energyEe in the
range 3–16 eV, and crossed with a beam of H2 effusing from
a 1-mm-diam hypodermic needle. The emerging H2 ions and
parent-beam electrons are extracted from the collision
gion, and deflected in a trochoidal monochromator~TM!. No
ion extraction potentials were used, and the extraction fi
arising from contact potentials only is estimated to be l
than about 30 V/m. The energy width of the confined ele
tron beam was measured to be 0.4 eV@full width at half
maximum~FWHM!#. Use was made of a retarding potentia
difference technique with the retarding potential applied
the electron Faraday cup FCe .

Within TM the faster electrons are deflected only seve
tenths of a millimeter and are collected in FCe . The plates of
TM are biased symmetrically about the ground potential. T
electric field of TM is swept linearly to velocity-analyze th
ions. The transmitted ions spiral through two slits and
shielded transmission~TR! cage. TM transmitsmH51 par-
ticles, both positively and negatively charged. At the elect

FIG. 1. Schematic diagram~not to scale! of the magnetically
confined trochoidal system, shown with capability to produce
several species H1, H2, and H2

1. Electrons~e! from a filament~F!
collide with ground-state or vibrationally excited H2 to form H2

ions by DA. The electron energy range is 3–16 eV. The ions
electrons are separated by the trochoidal monochromator~TM!,
which also analyzes the different ion velocities as its electric field
swept. The velocity-analyzed ions spiral to the transmission c
TR where the sign of charge~only H2! is selected by the potentia
on the central grid. The analog ion signalS is detected at FCi .
4374 ©1999 The American Physical Society
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energies used here, only H2 ions are formed@7#. Hence the
central grid of TR could be biased1130 V to transmit H2

and reject other positively charged background species.
negative ions are detected in an analog mode in a secon
Faraday cup (FCi). The ion currentS is digitized and stored
in a PC. Typical operating pressure near the H2 beam is
6.531025 Pa and at the detector FCi 6.531027 Pa. The
electron current ('1027 A) and ion current ('10211A)
were kept sufficiently low so that space-charge broaden
effects in either beam were minimal~electrons! or absent
~ions! @27#.

III. RESULTS AND DISCUSSION

Ion-energy spectra for the DA process@Eq. ~1!# are shown
in Figs. 2–4. To understand the energetics of the collis
system one treats, as in the O2/NO study@26#, the H and H2

fragments as emerging from a zero center-of-mass~CM! en-
ergy. The energy distribution of the outgoing H2 ion is given
by @28#

Ei5
m

mH
DECM1cosuS 4m

M
E0DECMD 1/2

. ~2!

Here, Ei is the ion’s laboratory energy,mH is the atomic
hydrogen mass,m the reduced mass, andM the total H2
mass. The angleu is the CM angle of the outgoing H2 ion
relative to the CM velocity along the incident H2 direction.
The initial ~thermal! H2 energy isE0 , andDECM is the total
CM energy available to fragment translation. This last qu
tity is given by

DECM5@Ee1Ev9J9
* 2~D0

02A1E* !#, ~3!

FIG. 2. Dissociative attachment H2 energy spectrum for 3.8 eV
incident electron energy. Experimental data are solid points.
spectrum is modeled in terms of a rotation-vibration population
single indicated temperatureT, and DA cross sections from excite
v9J9 levels @22#. All curves are normalized to the peak of the e
perimental signal. The shaded interval beneath the peak is the
pected peak width in the absence ofv9J9 excitation (Ev9J9

* 50), as
calculated from Eqs.~2! and~3!. Error bars here and elsewhere a
statistical, and are shown at the 2s limit.
he
ion

g

n

-

where Ev9J9
* is the vibration-rotation energy in the H2(X)

state,D0
0 the X-state dissociation energy~3.7238 eV!, A the

electron affinity of H~0.7542 eV!, andE* the energy sepa
ration of states H(n52,3,...) relative to H(n51). The effect
of Ev9J9

* is to serve as a source of internal energy via vib
tion and rotation, just as the electron affinityA is an elec-
tronic energy source. One may use Eqs.~2! and~3! to calcu-
late the laboratory energies of H2 and compare them to
measurements.

Shown in Figs. 2–4 are experimental ion-energy spec
corresponding to the DA process given by Eq.~1!. The three
electron energies~3.8, 10.0, and 14.3 eV! were selected to
correspond to the maxima in negative-ion production@1,2,7#.
The attachments atEe53.8 eV ~Fig. 2! and Ee510.0 eV
~Fig. 3! are at electron energies below the H(n52) threshold
so that only a single peak is observed. The excitation atEe
514.3 eV is just above the opening of the H(n52) channel.
Hence one observes two H2 energy components correspon
ing to the H atom in ann51 or 2 state. The shaded regio
under each spectral peak corresponds to the range of lab

e
a

x-

FIG. 3. Same as Fig. 2, but at an incident electron energy
10.0 eV.

FIG. 4. Dissociative attachment H2 energy spectrum for 14.3
eV incident electron energy. Modeling calculations are as in Fig
The shaded intervals below each peak are the expected peak w
with Ev9J9

* 50, as calculated for the final atomic states H(n51) and
H(n52).
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tory energies given by Eqs.~2! and ~3! with u taken in the
entire CM interval$0,p%. An additional small broadening o
0.4 eV ~FWHM! due to the measured energy spread of
incident electron beam was also included in the calcula
width. The relevant spectroscopic thresholds are listed
Table I.

Identification of then51 and 2 features was also co
firmed by plotting the most probable ion energyEi against
incident electron energyEe . Results are given in Fig. 5
where the indicated thresholds~Table I! and slope (m/mH
51/2) are consistent with reaction~1! and Eq. ~2!. Also,
further spectra were taken atEe53.8, 10.0, and 14.7 eV, bu
at half the magnetic field intensity (B53 T), hence with half
the electric field at TM needed to obtain the same deflec
into FCi . The purpose of these measurements was to tes
effects of a larger ion gyroradius, and smaller fringing fie
at the entrance and exit of TM. No effects were seen, and
resulting spectra were virtually identical to those shown
Figs. 2–4.

One sees that the peaks in Figs. 2–4 are broader than
be accounted for by Eq.~2! with monochromator broaden
ing, whereas a similar analysis in NO was able to account
the major part of the measured O2 widths @26#. The addi-
tional broadening here was presumed to be due to the p
ence of vibrationally excited H2 molecules in the target re
gion. While these densities are quite small~as low as 1025

the v950 population @23,25#!, the variation of DA cross
section sDA(v9,J9) with v9 is quite steep, increasing b
about a factor of 5–10 per vibrational level for the low
levels@3,9,10,14,22,25#. Hence the attachment rate from e

TABLE I. Energies of H2 ~stated to 0.001 eV! relative to H2 X
(v950, J950).

Limit Energy ~eV!

H2(1s2)1H(1s) 3.724
H(1s)1H(1s) 4.478
H2(1s2)1H(2l ) 13.922

FIG. 5. Energies of the H2 ions at their peak intensities, plotte
against electron energy. The straight lines correspond to a kinem
slope ofm/mH51/2. Measured threshold energies~arrows! are con-
sistent with those for the opening of then51 and 2 channels~see
Table I!.
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cited levels—proportional to the productpopulation
3sDA(v9,J9)—can be comparable to thev950 rate.

To model the observed spectra in terms of excitedv9J9
levels, the Boltzmann vibration-rotation population of H2 at
various vibration-rotation temperaturesTv9 ,TJ9 was calcu-
lated. These populations were then used to weight
sDA(v9,J9). A full set of sDA(v9,J9), calculated using a
local complex potential method, was kindly provided b
Popovićet al. @22#. Denoting the excited state and total de
sities by Nv9J9 and N, respectively, the relative vibration
rotation populationf v9J95Nv9J9 /N is given by the standard
expression

f v9J95
~2J911!exp2@~Ev9 /Tv91EJ9 /TJ9!/k#

QvQJ
, ~4!

whereQv andQJ are the vibrational and rotational partitio
functions, respectively,Ev9 the vibrational energy~disre-
garding the zero-point energy, here and inQv!, EJ9 the rota-
tional energy, andk the Boltzmann constant. The ion curre
for each transition can then be expressed as

I ~EI !5C(
v9J9

f v9J9sDA~v9,J9!exp
2~Ei2Ev92EJ9!

24 ln 2

W2 .

~5!

Here,W is the broadening~full width at half-maximum! due
to the resolution of TM@26#. The coefficientC can be differ-
ent for each transition, and includes other parameters suc
electron current, H2 gas density, and any electron-neutr
spatial overlaps which are not needed for this relati
intensity comparison.

It also includes effects of monochromator beam she
and differing angular distributions of ions. Full three
dimensional ~3D! field-and-trajectories calculations@29#
show that the latter effect is more important. That is, hig
angle scattering will give a small forward~parallel to BW !
velocity component, and those ions will be deflected furth
in TM. This effect would show up as a tailing of then51 or
2 peak towards lower ion energies, and cannot be respon
for the higher-energy ions observed in Figs. 2–4. As a che
using the identical experimental geometry, we measured
energy spectra for the systems O2/CO consisting of two tran-
sitions, and O2/O2 having one transition@29#. Each of these
transitions has a symmetry for the intermediate CO2(S1,P)
or O2

2(Pu ,Sg
1) state which allows scattering at 90°@30#.

We have obtained very good agreement with previously p
lished ion-energy spectra in both molecules. Results on th
additional systems, including the 3D trajectory calculatio
will be published separately@29#.

One may model the experimental results by assumin
series ofTv9 andTJ9 in Eq. ~4!, then calculating via Eq.~5!
the expected signalI (Ei) relative to the peak signal in th
experiment. From the first calculations it became clear t
the fits were not very sensitive to the separate temperatu
so that all subsequent calculations were carried out usin
single temperatureT5Tv95TJ9 . The effect of the vibration-
rotation energy is to extend the range of possible H2 ener-
gies to higher energies. This is clearly seen in Figs. 2–4. O
also sees that a single temperature of 1150 K adequately
the DA results. Previous work had indicated two regimes
relaxation@22,23#. One corresponded to littlev9J9 relaxation

tic
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under conditions of low H2 pressure. This gave two temper
tures Tv953000 K and TJ95550 K. The second corre
sponded tov9J9 relaxation under conditions of high sourc
pressure or a large number of relaxing collisions, which g
closer temperaturesTv951800 K andTJ951500 K. Present
results correspond to a higher-relaxed regime, with res
T5Tv95TJ951150 K. The relaxation is probably due to th
fact that vibrationally excited H2, formed by the sequence o
molecular dissociation at the tungsten filament~Fig. 1!, fol-
lowed by surface recombination and ejection, must migr
about 7 cm through the electron-gun lens stack towards T
after which attachment cannot occur. An estimated aver
pressure in the stack is 1022 Pa corresponding to a mean fre

FIG. 6. Partial potential-energy diagram for H2 showing the rel-
evant electronic states and asymptotic limits. The vertical lines w
shading represent edges of the Franck-Condon region, starting
a vibrationally excited level, taken here asv952.
, J
e

ts

te
,

ge

path for H2-H2 collisions of 100 cm. Hence the excited H2
are likely making multiple collisions with the lens walls
rather than with other molecules, to relax to lowv9J9 popu-
lations.

To understand the mechanism for ion production, o
must examine the possible potential-energy curves involv
The relevant states of H2 and H2

2 are given in Fig. 6. A
Franck-Condon region is shown within the shaded verti
bars. The observed ion energies can be justified through
intersection of the Franck-Condon region with the potent
energy curves. The DA channel H2(1s2)1H(n51) is ac-
cessed through the statesX 2Su

1 andB 2Sg
1 of H2

2 @8,10,15#.
Identification of the state~s! leading to H2(1s2)1H(n52) is
more uncertain, but at least one2Sg

1 state has been identifie
as responsible for the seriesb resonances, and leads to th
appropriate atomic asymptote@11–13#. In terms of angular
distributions@30#, the firstX 1Sg

1→X 2Su
1 transition would

give an H2 differential cross section~DCS! peaking at 0°;
the X 1Sg

1→B 2Sg
1 peaking at 0° and 90°; and theX 1Sg

1

→2Sg
1 ~seriesb! peaking at 0° and 90°. This agrees wi

experimental observations reported in at least the first
cases@4#. There do not appear to be experimental DCS’s
the higher-energy states leading to then52 channel. Also,
otherH2

2 states are undoubtedly contributing to this chan
but the number, symmetry, and asymptotic limit of the
states must await accurate potential-energy calculation
this higher-energy region. Further experimental and theo
ical data on the higher-energy H2

2 states would seem to b
called for.
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