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Observation of Negative Ion Resonances in Amorphous Ice via Low-Energy (5–40 eV
Electron-Stimulated Production of Molecular Hydrogen

Greg A. Kimmel and Thomas M. Orlando*
Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, Washington 9

(Received 29 April 1996)

The D2s1
S1

g , y ­ 0 2, J ­ 0 2) desorbates produced during low-energy (5–40 eV) electron-
beam irradiation of amorphous D2O ice were monitored using resonance-enhanced laser ionization
spectroscopy. We attribute the structure in the D2 yield as a function of the incident electron energy
to core-excited negative ion resonances. These resonances, or the excited states produced after electro
autodetachment, decay via molecular elimination to yieldD2s1

S1
g d directly. D2 is observed withy ­ 0

or 2 but noty ­ 1, suggesting a symmetry propensity in the excitation or decay of the resonances.
[S0031-9007(96)01483-4]

PACS numbers: 33.80.Rv, 34.80.Gs, 79.20.Kz
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The formation of negative ion resonances dur
scattering of low-energy electrons with atoms, molecu
surfaces, and interfaces is a process of fundame
importance in physics, materials science, chemistry,
radiation biology. In general, electron collisions wi
isolated molecules can lead to a variety of negative
resonances such as dipole-bound, single-electron sh
and multi-electron core-excited resonances [1–3]. T
core-excited resonances, which are the topic of
Letter, generally consist of an excess electron tempora
bound by the positive electron affinity of an electro
cally excited target molecule. These resonances
generally two-electron, one-hole configurations wh
are classified as either Feshbach or core-excited s
resonances [1,2].

The majority of negative ion resonances decay by e
tron autodetachment producing vibrational and/or e
tronic excitation which may result in dissociation of t
molecule. While the electron autodetachment lifetim
of core-excited shape resonances are typically very s
(,10214 10215 sec), the lifetimes of Feshbach resonan
are somewhat longers,10212 10214 secd [1,2]. When
the electron autodetachment lifetime is comparable to a
brational period, then dissociation into a stable anion
neutral fragment(s) may result if the resonance is disso
tive in the Franck-Condon region. This process is kno
as dissociative electron attachment (DEA).

DEA has been extensively studied in the gas ph
by measuring the anion fragment yields versus incid
electron energy [1,2,4,5]. Information about the symm
tries and electronic structures of gas-phase core-exc
resonances has been obtained by measuring the en
and angular dependence of the excitation cross sec
[6,7]. More recent DEA studies have investigated atta
ment to optically excited states [8,9], molecular sol
[10,11], and coadsorbed systems [12]. Resonances w
decay via electron autodetachment to produce excited
tral states have been observed as “intermediates” in h
resolution, electron energy loss and electron-transmis
0031-9007y96y77(19)y3983(4)$10.00
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spectroscopy both in the gas phase [2,13,14] and in
condensed phase [3,15].

In this Letter, we report detailed studies of th
D2s1

S1
g d desorbates produced during low-energy (

40 eV) electron-beam irradiation of amorphous D2O ice.
We find evidence for negative ion resonances wh
decay by unimolecular dissociation todirectly produce
D2 for incident electron energiessEid between,8 and
16 eV and between,18 and 32 eV. These negativ
ion resonances were not observed in previous elec
stimulated desorption (ESD) studies of amorphous
which investigated theH2 sD2d [11], D (2S), O s3PJ d,
and O (1D) [16] dissociation products. The higher energ
structure has not been reported, even in the gas phase
addition, for the kinetic energy range investigated in the
experiments, the D2 product is observed withy ­ 0 or
2 but not y ­ 1, suggesting a symmetry effect in th
excitation or decay of the resonances. These res
suggest that condensed-phase negative ion resonance
be investigated via detection of theneutral desorbates.
We expect this to be quite general since both prima
decay pathways of negative ion resonances, elec
autodetachment, and DEA, can lead to neutral product

The experiments were performed in an ultrahigh va
uum s,1 3 10210 Torrd system equipped with a pulse
low-energy electron gun, a quadrupole mass spectrom
(QMS), an effusive gas doser, and a time-of-flight (TO
spectrometer for laser resonance enhanced multipho
ionization (REMPI) detection of neutral desorbates. D2O
multilayers s,200 Åd were grown on a platinum(111
crystal at 88 K under conditions which are known
produce amorphous ice. The ice samples were irra
ated with a pulsed electron beam which has an ene
spread of,0.3 eV, a typical current density of,1014

(electronycm2)ysec, and a beam spot size of,1.5 mm.
We utilized s2 1 1d REMPI via theE, F1S1

g state to
detect the D2 products in the (X 1S1

g ) ground electronic
state [17]. The estimated detection efficiency is,106

(moleculesycm3)yquantum state. All the experiment
© 1996 The American Physical Society 3983
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were done in the TOF mode in which the neutr
D 2 molecules produced by the pulsed electron be
are resonantly ionized by the laser beam approxima
4 mm above the sample surface. A relatively lo
s,20 25 m secd electron beam pulse was used whic
integrates a range of desorbate velocities. The ioniz
laser pulse was delayed with respect to the elect
beam pulse such that the D2 molecules detected in thes
experiments had translational energies#0.5 eV.

To avoid problems associated with the accumulat
of reaction products and charge in the ice layer, a n
amorphous ice layer was deposited after a total electr
beam exposure of,5 3 1014 e2ycm2. The ESD yield
was sufficiently small to preclude any secondary (abo
the surface) interactions. In addition, the low D-ato
number density in the ice and the low D—D encoun
frequency at 88 K precluded any significant contributi
to the D2 yield from D 1 D reactions on the time scal
of the measurements. Finally, D2 resulting from the ion-
molecule reactionD2 1 D2O ! D2 1 OD2 is unlikely
since the yield ofD2 versus electron energy [11], is ver
different than the yield of D2 versus energy.

Figure 1 shows the yield ofD2sy ­ 0, J ­ 0d desorb-
ing from amorphous ice as a function of incident electr
energy. The D2 yield, which is the average of,10 indi-
vidual scans of the yield versus energy, has two intere
ing features: a small peak at,12.5 eV and a broad shoul-
der centered at,25 eV. For energies above,30 eV,
the D2 yield versus electron energy increases monot
ically with no apparent structure for all vibrational an
rotational levels investigatedsy ­ 0 3 and J ­ 0 8d.
We have therefore normalized the D2 yields at energies
greater than 35 eV and compare the yields as a fu
tion of the D2 vibrational level in Figure 2. Figure 2(a
shows the D2 yields for J ­ 0 and y ­ 0, 1 and 2 for
5 eV # Ei # 40 eV. The uncertainties in the data, whic

FIG. 1. D2 sy ­ 0; J ­ 0d intensity vs electron energy. Th
data were acquired with the sample temperatureTs at 88 K.
The D2 intensity has a small peak at,12.5 eV and a broad
shoulder centered at,25 eV, which are due to the dissociatio
of core-excited negative ion resonances or the excited st
produced after electron autodetachment. The energies of s
excited states of the neutral molecule and the correspond
negative ion resonances, as measured in the gas phase
indicated by the dashed and solid lines, respectively (see te
3984
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for y ­ 1 and 2 are the average of,3 individual scans,
can be estimated from the scatter in the data. The r
tive intensities of the signals at 40 eV are approximat
140 :3:1 fory ­ 0:1:2. An important observation is tha
for the kinetic energy range investigated in these exp
ments, the structure centered at,25 eV in y ­ 0; J ­ 0
is also present iny ­ 2; J ­ 0, but is weak or absent
in y ­ 1; J ­ 0. (For these data, the uncertainty is to
large fory ­ 1 and 2 to infer anything about the yield be
low ,18 eV.) Since the overall intensity for they ­ 2
signal is weaker than they ­ 1 signal, the lack of signal
between 18 and 32 eV fory ­ 1 is not due to a lower
detection sensitivity. A similar lack of signal intensit
in the y ­ 1 level relative to they ­ 0 and y ­ 2 lev-
els for 8 eV # Ei # 16 eV is shown in Fig. 2(b). The
data, which are the average of,10 individual scans each
were obtained via theJ ­ 2 transition since the signa
was larger for theJ ­ 2 population in they ­ 1 and 2

FIG. 2. Vibrational state specific intensities of D2 vs electron
energy. The curves are normalized at 40 eV. For these d
Ts ­ 88 K except D2 sy ­ 1, J ­ 2d for which Ts ­ 95 K.
The observation that the state specific behavior occurs ov
limited energy range suggests that negative ion resonance
responsible. (a) D2 sy ­ 0, 1, 2; J ­ 0d intensity vs electron
energy. The relative intensities of the signals at 40 eV
approximately 140 :3:1 fory ­ 0:1:2. The yields of D2 sy ­
0, 2; J ­ 0d have a broad shoulder centered at,25 eV while
this feature is weak or absent for D2 sy ­ 1; J ­ 0d. (b) D2

sy ­ 0, 1, 2; J ­ 2d intensity vs electron energy. (The curve
have been offset for clarity). The yields of D2 sy ­ 0, 2; J ­
2d have a peak/shoulder centered at,12.5 eV while this feature
is weak or absent for D2 sy ­ 1; J ­ 2d.
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levels. (Note that the overall lower intensity fory ­ 2 is
reflected in the higher amount of noise in the signal.)

The structure in the D2 yield, centered atEi , 12.5
and ,25 eV in Figs. 1 and 2, suggests that negative
resonances are primarily responsible for D2 production
at these energies. First, as discussed below, the
in D2sy ­ 0, J ­ 0d yield at ,12.5 eV corresponds
closely to a DEA resonance previously observed in the
phase [4,5]. Second, the observation that the vibrati
state specific behavior occurs only over a limited ra
of electron energies implies that negative ion resonan
are responsible since the incident electron can be cap
to form a resonance only at certain energies [1,2]. C
versely, in nonresonant electron scattering experime
excitation of a particular electronic state can occur fo
wide range of incident electron energies beyond thre
old [2]. We have previously measured the ESD yields
D(2S), O(1D), andOs3PJ d from amorphous ice [16]. Th
D(2S) yield, which is related to the ionization cross s
tion and electron-ion recombination, has no compara
structure in this energy range, indicating that the struc
in the D2 yield is not directly related to ionization. This
consistent with measurements of the electron impact
ization cross section in gas-phase water which show
structure in this energy range [18].

To begin the discussion of the data in Figs. 1 and
we briefly review the electronic structure of water. T
H2O molecule has the electronic ground state config
tion s1a1d2s2a1d2s1b2d2s3a1d2s1b1d2, 1A1, with two empty
valence shell O-H antibonding orbitalss4a1d and s2b2d.
The three lowest energy excited states (excitons), the3,1B1,
3,1A1, and3,1B2 are at 7.4s,8.6d, 9.8 (10.4), and,13.8 eV
s,14.5 eVd, respectively, in water vapor (ice) [19,20
These excited states, which are all dissociative in the
phase, are formed by promoting an electron from one o
three highest occupied orbitals to the lowest unoccup
3s:4a1 mixed Rydberg/valence orbital. They have be
assigned as the “parent” configurations which give ris
the2B1, 2A1, and2B2 (one-hole, two-electron) DEA Fesh
bach resonances [5].

As discussed in the introduction, negative ion re
nances decay primarily by electron autodetachment
DEA, and both of these decay mechanisms can lea
neutral dissociation products. In the gas phase, the2B1,
2A1, and2B2 DEA resonances lead primarily toH2 sD2d
andO2 [4,5,7]. The peaks in theO2 yield occur at 7.0,
9.1, and 11.8 eV, respectively [5] as indicated by the s
vertical lines in Fig. 1. In amorphous ice, previous stud
have demonstrated that DEA leading toH2 sD2d occurs
via the 2B1 and 2A1 resonances [11]. The peak deso
tion for H2 sD2d, associated with the2B1 resonance, is a
7.4 eV. This is,0.9 eV higher than the gas phase ene
due to many body interactions. If we assume that the
ergy shift of the2B2 resonance is also,0.9 eV, then the
peak in the D2 sy ­ 0, J ­ 0d yield at ,12.5 eV may
correspond to the2B2 DEA resonance which can lead
n
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D2 via D2O 1 ein ! D2s1
S1

g d 1 O2s2Pd. The width of
the feature, which has an apparent threshold at,8.3 eV
and extends to,14.7 eV, suggests that the2A1 resonance
also contributes to the D2 yield.

To understand whether the negative ion resonances
cay by electron autodetachment or DEA, we can c
sider the energies of the dissociation products. Beca
of the small signals involved, we were not able to me
sure the velocity distribution of the D2 molecules. How-
ever, we can make some inferences about the nas
D2 kinetic energies. First, the resonant behavior in
D2 yield is observed for states which have vibration
and rotational excitation, e.g., D2 sy ­ 0, J ­ 4d and
D2 sy ­ 2, J ­ 2d. Second, since interactions of the D2

molecule with the surface or bulk will quickly quench ro
tational excitation, these molecules most likely have
interacted with the surface and thus are representativ
the nascent D2 kinetic energy. Third, due to experimen
tal constraints, the D2 molecules detected in these expe
iments have kinetic energies#0.5 eV. Based on these
considerations, we suggest that most of the D2 molecules
are formed with low kinetic energiess#0.5 eVd. In addi-
tion, these D2 molecules are detected in the ground ele
tronic state and have low internal energysEint , 1.5 eVd.
Therefore, the D2 molecules are probably formed wit
less than a total energy of 2 eV. In addition, conser
tion of energy and momentum implies that the kine
energy of the oxygen fragment will be small compar
to that of the D2 molecule. Since the incident elec
trons which initiate the dissociation have,12.5 eV of
energy and the minimum energy required for the re
tion D2O 1 e2 ! D2s1S1

g d 1 O2s2Pd is only 3.5 eV,
approximately 7 eV of energy is unaccounted for by t
DEA model. These arguments suggest that the exc
anions decay by electron autodetachment, either from
water anion prior to dissociation or perhaps from an el
tronically excited oxygen anion after dissociation. Als
electron autodetachment may result in electronically
cited oxygen atoms such as O(1S).

The 2A1 and 2B2 autodetachment lifetimes have be
calculated to be6.0 3 10214 and 0.8 3 10214 sec, re-
spectively, usingab initio configuration interaction tech
niques by Jungenet al. [5]. These lifetimes may be eve
shorter in the condensed phase due to many body inte
tions and the repulsion associated with the excited3s:4a1

parent configuration. In particular, for higher energy ne
ative ion resonances, coupling to the conduction band
the ice may enhance electron autodetachment. Altho
we believe that the2A1 and 2B2 resonances are the in
tial excitations leading to D2 at ,12.5 eV, we note that
other negative ion resonances may be responsible.
example, in this energy range, several negative ion “co
pound” states have been observed in gas-phase ele
transmission studies [21].

Most previous studies of negative ion resonances
gas-phase water have primarily investigated processe
3985
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electron energies below,20 eV. However, it is likely
that electronically excited states formed by promoting
electron from the2a1 orbital to low lying unoccupied
orbitals such as the3s:4a1 will also have a corresponding
negative ion resonance. For example, using a Rydb
term value of,5 eV [19] places the3,1A1 (2a1 ! 3s:4a1)
at ,27 eV and the corresponding2A1 resonance at
,25 eV, as indicated by vertical lines in Fig. 1. W
would expect a core-excited resonance associated
an excitation from the2a1 orbital to dissociate, and we
suggest that this resonance, and the satellites assoc
with decay of this deep valence level [22], are responsi
for the structure between 18 eV and 32 eV. Note th
for this resonance, even more excess energy is avail
and so electron autodetachment prior to dissociation
from an excited oxygen anion after dissociation is ve
likely. This is consistent with a gas-phase DEA stu
which reports no structure in theO2 yield for 18 eV ,

Ei , 30 eV [23].
We offer two possible explanations for the interesti

vibrational state dependence observed in the D2 prod-
ucts (Fig. 2), both of which are related to the Franc
Condon overlap of the vibrational wave functions in th
ground and excited electronic states. The lack of D2 in
y ­ 1 suggests that one vibrational mode of the D2O
core-excited resonance correlates adiabatically with
vibrational excitation in the D2 product. For example,
if the asymmetric stretchsy3d in the excited state corre
lates with the D2 vibration, then no D2 sy ­ 1d will be
produced since the overlap between the initial vibratio
wave function, which at 88 K will be in the ground sta
(symmetryA1), and the excited state wave function is ze
for states withy3 ­ odd (symmetryB2) [24]. However,
for excited states withy3 ­ even, the symmetry isA1
and the Franck-Condon overlap can be nonzero. Ano
possibility is that the symmetric stretchsy1d in the D2O
excited state correlates with the D2 vibration. In that case,
the overlap between the ground and excited state will
necessarily be zero since both wave functions haveA1
symmetry. However, if the “equilibrium” positions fo
the nuclei along the symmetric stretch coordinate in
excited state are the same as in the ground state (i.e
the O-H bond distance is the same in both states), t
the Franck-Condon overlap between the initial vibration
wave function and odd vibrational levels in the electron
cally excited state will be small or zero, again leading
an absence of D2 sy ­ 1d. To distinguish between thes
and other possible explanations for the behavior seen
Fig. 2, it would be useful to have realistic calculations
the potential energy surfaces in this energy range.

In summary, we report evidence for negative ion res
nances produced during low-energy (5–40 eV) electr
beam irradiation of amorphous ice. These resonances
the excited states produced after electron autodetachm
dissociate to yieldD2s1S1

g d directly. D2 is observed with
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y ­ 0 or 2 but noty ­ 1 indicating a symmetry effect in
the excitation or decay of the resonances. This is the
study to demonstrate the existence of condensed-ph
negative ion resonances via the detection of neutral d
orption products.
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