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Observation of Negative lon Resonances in Amorphous Ice via Low-Energy (5—40 eV)
Electron-Stimulated Production of Molecular Hydrogen
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The D2(12;, v = 0-2, J = 0-2) desorbates produced during low-energy (5-40 eV) electron-
beam irradiation of amorphous.,D ice were monitored using resonance-enhanced laser ionization
spectroscopy. We attribute the structure in theylield as a function of the incident electron energy

to core-excited negative ion resonances. These resonances, or the excited states produced after electron
autodetachment, decay via molecular elimination to yleid‘E;) directly. D, is observed withyv = 0

or 2 but notv = 1, suggesting a symmetry propensity in the excitation or decay of the resonances.
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PACS numbers: 33.80.Rv, 34.80.Gs, 79.20.Kz

The formation of negative ion resonances duringspectroscopy both in the gas phase [2,13,14] and in the
scattering of low-energy electrons with atoms, moleculesgondensed phase [3,15].
surfaces, and interfaces is a process of fundamental In this Letter, we report detailed studies of the
importance in physics, materials science, chemistry, anﬂ)z(IE;) desorbates produced during low-energy (5-
radiation biology. In general, electron collisions with 40 eV) electron-beam irradiation of amorphous(ice.
isolated molecules can lead to a variety of negative iotWe find evidence for negative ion resonances which
resonances such as dipole-bound, single-electron shapmgcay by unimolecular dissociation tfirectly produce
and multi-electron core-excited resonances [1-3]. Thé®, for incident electron energie&:;) between~8 and
core-excited resonances, which are the topic of thid6 eV and between-18 and 32 eV. These negative
Letter, generally consist of an excess electron temporariljon resonances were not observed in previous electron
bound by the positive electron affinity of an electroni- stimulated desorption (ESD) studies of amorphous ice
cally excited target molecule. These resonances amhich investigated théd~ (D~) [11], D (%S), O (°P,),
generally two-electron, one-hole configurations whichand O (D) [16] dissociation products. The higher energy
are classified as either Feshbach or core-excited shapg&ucture has not been reported, even in the gas phase. In
resonances [1,2]. addition, for the kinetic energy range investigated in these

The majority of negative ion resonances decay by elecexperiments, the Bproduct is observed witlh = 0 or
tron autodetachment producing vibrational and/or elec2 but not v = 1, suggesting a symmetry effect in the
tronic excitation which may result in dissociation of the excitation or decay of the resonances. These results
molecule. While the electron autodetachment lifetimesuggest that condensed-phase negative ion resonances can
of core-excited shape resonances are typically very sholte investigated via detection of theeutral desorbates.
(~10714-10"13 sec), the lifetimes of Feshbach resonancedVe expect this to be quite general since both primary
are somewhat longef~10"'2-10"'% seq [1,2]. When decay pathways of negative ion resonances, electron
the electron autodetachment lifetime is comparable to a viautodetachment, and DEA, can lead to neutral products.
brational period, then dissociation into a stable anion and The experiments were performed in an ultrahigh vac-
neutral fragment(s) may result if the resonance is dissociadum (~1 X 107'° Torr) system equipped with a pulsed
tive in the Franck-Condon region. This process is knowrlow-energy elect_ron gun, a quadrupole_ mass spectrometer
as dissociative electron attachment (DEA). (QMS), an effusive gas doser, and a time-of-flight (TOF)

DEA has been extensively studied in the gas phas€Pectrometer for laser resonance enhanced multiphoton
by measuring the anion fragment yields versus incidenionization (REMPI) detection of neutral desorbates,CD
electron energy [1,2,4,5]. Information about the symmemultilayers (~200 A) were grown on a platinum(111)
tries and electronic structures of gas-phase core-excitegfystal at 88 K under conditions which are known to
resonances has been obtained by measuring the energipduce amorphous ice. The ice samples were irradi-
and angular dependence of the excitation cross sectio§ed with a pulsed electron beam which has an energy
[6,7]. More recent DEA studies have investigated attachsPread of~0.3 eV, a typical current density of-10'*
ment to optically excited states [8,9], molecular solids(electron’cm?)/sec, and a beam spot size-ol.5 mm.
[10,11], and coadsorbed systems [12]. Resonances which We utilized (2 + 1) REMPI via theE, F X/ state to
decay via electron autodetachment to produce excited nedetect the [ products in the X 12;) ground electronic
tral states have been observed as “intermediates” in highstate [17]. The estimated detection efficiency~ig0°
resolution, electron energy loss and electron-transmissiogmoleculegcm?®/quantum state. All the experiments
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were done in the TOF mode in which the neutralfor v = 1 and 2 are the average of3 individual scans,
D, molecules produced by the pulsed electron beancan be estimated from the scatter in the data. The rela-
are resonantly ionized by the laser beam approximateljive intensities of the signals at 40 eV are approximately
4 mm above the sample surface. A relatively long140:3:1 forv = 0:1:2. An important observation is that,
(~20-25 wseg electron beam pulse was used whichfor the kinetic energy range investigated in these experi-
integrates a range of desorbate velocities. The ionizingnents, the structure centered-a25 eVinv =0;J =0
laser pulse was delayed with respect to the electrois also present inn = 2; J = 0, but is weak or absent
beam pulse such that the,Pnolecules detected in these in v = 1; J = 0. (For these data, the uncertainty is too
experiments had translational energied.5 eV. large forv = 1 and 2 to infer anything about the yield be-
To avoid problems associated with the accumulatiodow ~18 eV.) Since the overall intensity for the = 2
of reaction products and charge in the ice layer, a newgignal is weaker than the = 1 signal, the lack of signal
amorphous ice layer was deposited after a total electrorbetween 18 and 32 eV fav = 1 is not due to a lower
beam exposure of-5 X 10'* ¢~ /cnm?. The ESD vyield detection sensitivity. A similar lack of signal intensity
was sufficiently small to preclude any secondary (abovén the v = 1 level relative to thev = 0 andv = 2 lev-
the surface) interactions. In addition, the low D-atomels for8 eV = E; = 16 eV is shown in Fig. 2(b). The
number density in the ice and the low D—D encounterdata, which are the average -ofl0 individual scans each,
frequency at 88 K precluded any significant contributionwere obtained via thd = 2 transition since the signal
to the D, yield from D + D reactions on the time scale was larger for the/ = 2 population in thev = 1 and 2
of the measurements. Finally,,DPesulting from the ion-
molecule reactiod ™ + D,0O — D, + OD™ is unlikely
since the yield oD~ versus electron energy [11], is very
different than the yield of Dversus energy.
Figure 1 shows the yield dd,(v = 0, J = 0) desorb-
ing from amorphous ice as a function of incident electron
energy. The D yield, which is the average of 10 indi-
vidual scans of the yield versus energy, has two interest-
ing features: a small peak at12.5 eV and a broad shoul-
der centered at-25 eV. For energies above-30 eV, L o ]
the D, yield versus electron energy increases monoton- i S i
ically with no apparent structure for all vibrational and . Tt
rotational levels investigatev = 0-3 and J = 0-8). ' :
We have therefore normalized the, ields at energies
greater than 35 eV and compare the yields as a func-
tion of the D, vibrational level in Figure 2. Figure 2(a)
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Energy (eV) The observation that the state specific behavior occurs over a

limited energy range suggests that negative ion resonances are
FIG.1. D,(v = 0; J = 0) intensity vs electron energy. The responsible. (a) P (v = 0,1,2; J = 0) intensity vs electron
data were acquired with the sample temperatfifeat 88 K.  energy. The relative intensities of the signals at 40 eV are
The D, intensity has a small peak at12.5 eV and a broad approximately 140:3:1 for = 0:1:2. The yields of D (v =
shoulder centered at25 eV, which are due to the dissociation 0,2; J = 0) have a broad shoulder centered~&t5 eV while
of core-excited negative ion resonances or the excited statehis feature is weak or absent for,v = 1; J = 0). (b) D,
produced after electron autodetachment. The energies of sonte = 0,1,2; J = 2) intensity vs electron energy. (The curves
excited states of the neutral molecule and the correspondingave been offset for clarity). The yields of;Dv = 0,2; J =
negative ion resonances, as measured in the gas phase, ajehave a peak/shoulder centered-dt2.5 eV while this feature
indicated by the dashed and solid lines, respectively (see text)is weak or absent for P(v = 1; J = 2).

3984



VOLUME 77, NUMBER 19 PHYSICAL REVIEW LETTERS 4 NdVEMBER 1996

levels. (Note that the overall lower intensity for= 2is D, viaD,0 + ¢, — Dz(lE;) + O~ (*P). The width of
reflected in the higher amount of noise in the signal.)  the feature, which has an apparent threshole-&B eV

The structure in the Byield, centered aE; ~ 12.5  and extends te-14.7 eV, suggests that the, resonance
and ~25 eV in Figs. 1 and 2, suggests that negative ionalso contributes to the Dyield.
resonances are primarily responsible fop production To understand whether the negative ion resonances de-
at these energies. First, as discussed below, the peaky by electron autodetachment or DEA, we can con-
in Dy(v =0, J =0) yield at ~12.5 eV corresponds sider the energies of the dissociation products. Because
closely to a DEA resonance previously observed in the gasf the small signals involved, we were not able to mea-
phase [4,5]. Second, the observation that the vibrationaure the velocity distribution of the Dmolecules. How-
state specific behavior occurs only over a limited rangever, we can make some inferences about the nascent
of electron energies implies that negative ion resonanced, kinetic energies. First, the resonant behavior in the
are responsible since the incident electron can be capturel, yield is observed for states which have vibrational
to form a resonance only at certain energies [1,2]. Conand rotational excitation, e.g., D(v =0, J = 4) and
versely, in nonresonant electron scattering experiment), (v = 2, J = 2). Second, since interactions of thg D
excitation of a particular electronic state can occur for anolecule with the surface or bulk will quickly quench ro-
wide range of incident electron energies beyond threshtational excitation, these molecules most likely have not
old [2]. We have previously measured the ESD yields ofinteracted with the surface and thus are representative of
D(%S), O(D), andO(*P,) from amorphous ice [16]. The the nascent Dkinetic energy. Third, due to experimen-
D(2S) yield, which is related to the ionization cross sec-tal constraints, the Pmolecules detected in these exper-
tion and electron-ion recombination, has no comparablénents have kinetic energies0.5 eV. Based on these
structure in this energy range, indicating that the structureonsiderations, we suggest that most of theniblecules
in the D, yield is not directly related to ionization. This is are formed with low kinetic energigs=0.5 eV). In addi-
consistent with measurements of the electron impact iontion, these ) molecules are detected in the ground elec-
ization cross section in gas-phase water which show ngonic state and have low internal ener@,, < 1.5 eV).
structure in this energy range [18]. Therefore, the B molecules are probably formed with

To begin the discussion of the data in Figs. 1 and 2|ess than a total energy of 2 eV. In addition, conserva-
we briefly review the electronic structure of water. Thetion of energy and momentum implies that the kinetic
H,O molecule has the electronic ground state configuraenergy of the oxygen fragment will be small compared
tion (1a1)*(2a1)*(162)*(3a1)*(1b1)*, 'A;, with two empty {0 that of the O molecule. Since the incident elec-
valence shell O-H antibonding orbita{$a;) and (2b,).  trons which initiate the dissociation havel2.5 eV of
The three lowest energy excited states (excitons);tBe,  energy and the minimum energy required for the reac-
314, and>! B, are at 7.4~8.6), 9.8 (10.4), and~13.8 eV tion D,O + ¢~ — Dy('3}) + O~ (*P) is only 3.5 eV,
(~14.5 eV), respectively, in water vapor (ice) [19,20]. approximately 7 eV of energy is unaccounted for by the
These excited states, which are all dissociative in the galBEA model. These arguments suggest that the excited
phase, are formed by promoting an electron from one of thenions decay by electron autodetachment, either from the
three highest occupied orbitals to the lowest unoccupieevater anion prior to dissociation or perhaps from an elec-
3s:4a; mixed Rydberg/valence orbital. They have beentronically excited oxygen anion after dissociation. Also,
assigned as the “parent” configurations which give rise telectron autodetachment may result in electronically ex-
the?B,, 2A,, andB, (one-hole, two-electron) DEA Fesh- cited oxygen atoms such as 13j.
bach resonances [5]. The 24, and ?B, autodetachment lifetimes have been

As discussed in the introduction, negative ion reso-<alculated to bes.0 X 107'* and 0.8 X 1074 sec, re-
nances decay primarily by electron autodetachment anspectively, usingab initio configuration interaction tech-
DEA, and both of these decay mechanisms can lead toiques by Jungeat al. [5]. These lifetimes may be even
neutral dissociation products. In the gas phase’the  shorter in the condensed phase due to many body interac-
2A,, and*B, DEA resonances lead primarily i~ (D7) tions and the repulsion associated with the exckeda,
andO~ [4,5,7]. The peaks in th®~ yield occur at 7.0, parent configuration. In particular, for higher energy neg-
9.1, and 11.8 eV, respectively [5] as indicated by the solidative ion resonances, coupling to the conduction band in
vertical lines in Fig. 1. In amorphous ice, previous studieghe ice may enhance electron autodetachment. Although
have demonstrated that DEA leadinglio (D) occurs  we believe that théA; and 2B, resonances are the ini-
via the?B; and?A; resonances [11]. The peak desorp-tial excitations leading to Pat ~12.5 eV, we note that
tion for H~ (D ™), associated with th&B, resonance, is at other negative ion resonances may be responsible. For
7.4 eV. This is~0.9 eV higher than the gas phase energyexample, in this energy range, several negative ion “com-
due to many body interactions. If we assume that the erpound” states have been observed in gas-phase electron
ergy shift of the’ B, resonance is alse-0.9 eV, then the transmission studies [21].
peak in the B (v = 0, J = 0) yield at ~12.5 eV may Most previous studies of negative ion resonances in
correspond to théB, DEA resonance which can lead to gas-phase water have primarily investigated processes at

3985



VOLUME 77, NUMBER 19 PHYSICAL REVIEW LETTERS 4 NdVEMBER 1996

electron energies below20 eV. However, it is likely v = 0or 2 but notv = 1 indicating a symmetry effect in
that electronically excited states formed by promoting arthe excitation or decay of the resonances. This is the first
electron from the2a; orbital to low lying unoccupied study to demonstrate the existence of condensed-phase
orbitals such as th&s:4a; will also have a corresponding negative ion resonances via the detection of neutral des-
negative ion resonance. For example, using a Rydbergrption products.

term value of~5 eV [19] places thé''A| (2a; — 3s:4a;) The authors thank Dr. Russell Tonkyn, Dr. Steve
at ~27 eV and the correspondingA; resonance at Joyce, Dr. Wayne Hess, and Professor T.E. Madey
~25 eV, as indicated by vertical lines in Fig. 1. We for helpful discussions. This work supported by the
would expect a core-excited resonance associated witbepartment of Energy, Office of Basic Energy Sciences.
an excitation from thea, orbital to dissociate, and we Pacific Northwest National Laboratory is operated for the
suggest that this resonance, and the satellites associatgdds. Department of Energy by Battelle Memorial Institute
with decay of this deep valence level [22], are responsibleinder Contract No. DE-AC06-76RLO 1830.

for the structure between 18 eV and 32 eV. Note that

for this resonance, even more excess energy is available

and so electron autodetachment prior to dissociation or
from an excited oxygen anion after dissociation is very
likely. This is consistent with a gas-phase DEA study
which reports no structure in th@™ yield for 18 eV <
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