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Low-energy electrons (LEEs) are produced in large quantities
in any type of material irradiated by high-energy particles.
In biological media, these electrons can fragment molecules and
lead to the formation of highly reactive radicals and ions. The
results of recent experiments performed on biomolecular films
bombarded with LEEs under ultra-high vacuum conditions are
reviewed in the present article. The major type of experiments,
which measure fragments produced in such films as a function of
incident electron energy (0.1–45 eV), are briefly described.
Examples of the results obtained from DNA films are summarized
along with those obtained from the fragmentation of elementary
components of the DNA molecule (i.e., thin solid films of H2O,
DNA bases, sugar analogs, and oligonucleotides) and proteins.
By comparing the results of these different experiments, it is
possible to determine fundamental mechanisms that are involved

in the dissociation of biomolecules and the production of single-
and double-strand breaks in DNA, and to show that base damage
is dependent on the nature of the bases and on their sequence
context. Below 15 eV, electron resonances (i.e., the formation of
transient anions) play a dominant role in the fragmentation of
all biomolecules investigated. These transient anions fragment
molecules by decaying into dissociative electronically excited
states or by dissociating into a stable anion and a neutral radical.
These fragments usually initiate other reactions with nearby
molecules, causing further chemical damage. The damage caused
by transient anions is dependent on the molecular environment.
# 2003 Wiley Periodicals, Inc., Mass Spec Rev 21:349–369,
2002; Published online in Wiley Interscience
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I. INTRODUCTION

High-energy radiation induces damage in liquids and solids
via the production of intermediate species created within
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nanoscopic volumes along ionization tracks (ICRU, 1979;
LaVerne & Pimblott, 1995; Cobut et al., 1998). These
species consist of excited atoms and molecules, radicals,
ions, and secondary electrons. The latter species are
created in large quantities (�4� 104 by a 1 MeV particle)
and carry most of the energy of the initial fast particle.
Secondary electrons have low energies with a distribution
that lies essentially below 70 eV and a most probable
energy below 10 eV (ICRU, 1979; LaVerne & Pimblott,
1995). At those energies, electrons have thermalization
distances of the order of 1–10 nm (Cobut et al., 1998),
which define the initial volumes of energy deposition by
high-energy radiation. In these volumes, usually called
‘‘spurs,’’ the highly excited atomic, molecular and radical
species, ions, and low-energy electrons (LEEs) can induce
non-thermal reactions within femtosecond times. A majo-
rity of these reactive species, which initiate chemical
reactions, are created by the secondary electrons. Thus, in
order to understand radiation energy deposition processes
at the nanoscopic level within condensed matter, the
mechanisms of action of LEEs must be known in that
phase.

Nanoscopic aspects of the pre-chemical stage of
radiation damage can be illustrated by considering the
simple example of the initial interaction of a fast charged
particle with a molecular solid composed of organic
molecules R-H. As the fast charged particle passes
near the molecule R-H, that molecule is perturbed by
the rapid change of electric field that is induced by the
moving charge. Because this perturbation leaves the
energy and momentum of the fast particle practically
unchanged, the energy transfer can be described as an
absorption of electromagnetic radiation by the molecules
of the medium (Mott & Massey, 1965; Takayanagi, 1967;
Inokuti, 1991). This absorption can lead to the formation
of electronically excited species [R-H]*, and ionization
(i.e., [R-H]þþ e�) as shown in Figure 1 and multiple
ionization ([R-H]nþþ ne�) (Inokuti, 1991). The most
probable energy loss of fast primary charged particles to
produce [R-H]* and ionization is ca. 22 eV (LaVerne &
Pimblott, 1995; Srdoc et al., 1995). Most of the energy of
high-energy particles is, therefore, deposited within
irradiated systems by this emission of a succession of
low-energy quanta. From the values of the optical oscil-
lator strengths for the dissociative electronic excited
states of hydrocarbons (Srdoc et al., 1995), and a
comparison with the normalized dipole oscillator strength
distribution for DNA and liquid H2O (LaVerne &
Pimblott, 1995), one can estimate that ca. 20% of the
energy deposited by fast-charge particles in organic
matter, including biological and cellular material, leads
to [R-H]* production, whereas the rest leads to ionization.
The ionization energy is shared as the kinetic energy of
secondary electrons and potential energy of the cation,

with the largest portion of the energy going to secondary
electrons (LaVerne & Pimblott, 1995). The products
of ionization and electronic excitation that lead to an
hydrogen-atom abstraction are shown in Figure 1, as an
example of possible fragmentation produced by ionizing
radiation; for simplicity, products that result from multi-
ple ionizations are not shown, but the reaction paths are
essentially the same as for single ionization.

A dissociative electronic state [R-H]* can produce two
radicals by homologous bond scission or an ion-pair (left
vertical arrow in Fig. 1); however, when ionization occurs,
the situation is more complex due to the emission of at
least one secondary electron. If the positive ion [R-H]þ is
created in a dissociative state, then a cation and a radical
can be formed as shown by the larger vertical arrow in
Figure 1. The remaining reactions shown in Figure 1 are
due to the secondary electron. By interacting with another
nearby [R-H] molecule, the secondary electron can
produce (Sanche, 1995), depending on its energy, further
ionization (pathway 1) and/or dissociation (pathway 2), or
it can temporarily attach to a nearby molecule to form a
temporary state [R-H]�, which can subsequently dissociate
into the products R�þH. or R.þH�, as shown by the
pathway 3 on the rightside of Figure 1. If the temporary
state [R-H]� is the ground state of the manifold of states of
the anion and [R-H] has a positive electron affinity, then the
captured electron may permanently stabilize on [R-H] to
form a stable anion.

According to the fundamental interactions that lead
to the events described in Figure 1, the biological effects

FIGURE 1. Most-probable initial events induced by a fast charged
particle that penetrates an organic or bio-organic solid composed of
molecules R-H (H¼ hydrogen, R¼ rest of molecule). Those events
induced by secondary electrons are labeled 1 to 3.
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of radiation are not produced by the mere impact of
the primary quanta, but rather by the secondary species
that are generated along the radiation track (von Sonntag,
1987; Fuciarelli & Zimbrick, 1995). As these species
further react within irradiated cells, they can cause
mutagenic, genotoxic, and other potentially lethal DNA
lesions (Yamamoto, 1976; Ward, 1977). Because LEEs
are the most abundant of the secondary species pro-
duced by the primary interaction, it is crucial to deter-
mine their action within cells, particularly in DNA, where
they could induce genotoxic damage. To investigate
such damage, experimental efforts have been devoted
to isolate biomolecules as thin multilayer films in an
ultra-high vacuum (UHV), where they could be bom-
barded with a beam of LEEs (Klyachko, Huels, & Sanche,
1999; Abdoul-Carime, Dugal, & Sanche, 2000a; Bou-
daiffa et al., 2000a; Herve du Penhoat et al., 2001;
Abdoul-Carime, Cloutier, & Sanche, 2001). Such envi-
ronmental conditions are necessary to avoid any
LEE interaction with small surface impurities, which
could modify the probed damage. In these experiments,
the fragmentation of biomolecules induced by LEE
bombardment can be either analyzed in situ or outside
UHV. In the former, the mass of the ions and neutral
species that desorb from a multilayer film target are
analyzed during bombardment (Abdoul-Carime, Dugal,
& Sanche, 2000a; Abdoul-Carime, Cloutier, & Sanche,
2001; Herve du Penhoat et al., 2001), or the products
that remain in the film are characterized by X-ray photo-
electron spectroscopy after bombardment (Klyachko,
Huels, & Sanche, 1999). If sufficient degraded material
is produced, then the film target can be transported outside
the UHV chamber and the products analyzed by standard
methods of chemical identification (Boudaiffa et al.,
2002).

Recent advances in these techniques have made it
possible tomeasure specific damages to theDNAmolecule
induced by LEEs (Boudaiffa et al., 2000a). DNA is com-
posed of two strands of repeated sugar-phosphate units
hydrogen-bonded together by the bases that are covalently
linked to the sugar moiety of the backbone. The short
single-strand DNA segment shown in Figure 2b exhibits
the repeated sugar-phosphate sub-units of the deoxy-
ribose backbone to which are covalently bonded the bases
adenine, cytosine, and thymine (the fourth base guanine
is not shown in this example). The results from bom-
barded plasmid-DNA samples have demonstrated that
LEEs can irreversibly damage this backbone by producing
single- and double-strand breaks (SSB and DSB), via
fragmentation of the basic components of the molecule,
including its structural water (Boudaiffa et al., 2000a).
Investigation of protein fragmentation by LEE impact has
also been recently initiated in relation to DNA damage
(Abdoul-Carime, Cecchini, & Sanche, 2002). In biological

cells, nucleic acids interact very closely with certain
proteins; some protein components are intercalated within
the DNA grooves so that they interact directly with DNA
bases (Suzuki, 1990; Werner et al., 1995). After fragmen-
tation of protein subunits by ionizing radiation, the reactive
radicals produced may react with a small segment of the
nucleic acid and damage the DNA. Thus, understanding
radiation and LEE damage to the genome also requires
information on damage to proteins.

The results obtained with plasmid DNA and from
in situ mass analysis of fragments of relevance to DNA
damage produced during electron-bombardment of bio-
molecular films are reviewed in this article. The ex-
perimental techniques are briefly explained in the next
section, and the background necessary to interpret the
data is summarized in Section III. The results obtained
from thin films of DNA, water ice, deoxyribose analogs,
DNA bases, oligonucleotides, and protein subunits are
summarized in Section IV, and specific examples are
discussed. The subject of radiosensitivity and its relation-
ship to LEE damage is also treated with pertinent results
on bromouracil (BrU) and oligonucleotides.

FIGURE 2. (a) Schematic drawing of the DNA backbone sugar-
like analogs tetrahydrofuran (I), 3-hydroxytetrahydrofuran (II), and
a-tetrahydrofuryl alcohol (III). (b) A short-chain segment of single-
stranded DNA.
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II. EXPERIMENTAL METHODS

A. Thin-Film Preparation

Depending on the substance to be investigated, the thin
films that are to be electron bombarded in an UHV en-
vironment must be prepared by different techniques. Gases
or liquids, having a significant vapor pressure at room
temperature, can be leaked into UHV in front of a cryo-
genically cooled metal substrate, on which they condense.
Those substances that are solids at room temperature can
be heated in an oven in front of the metal substrate to
produce a flux of molecules that condense on the metal
surface. However, if the molecule cannot be heated to
sublimate or evaporate without decomposing, then it must
be prepared outside the UHV vacuum system in a clean
environment.

An apparatus used tomeasure desorbed neutral species
and ion yields from electron-bombarded films of mole-
cules, which form solids at room temperature (Herve du
Penhoat et al., 2001), is shown in Figure 3. The UHV
apparatus consists of two chambers. The one on the right is
a load-lock chamber inwhich the samples are introduced. It
can be pumped to a base pressure in the 10�9 Torr range
with an oil-free turbomolecular drag-pump station, and it
contains a resistively heated oven equipped with an act-
ivated shutter. The oven can be transferred into the main
chamber on the left (pressure �10�10 Torr) for vacuum
deposition of the solid compound onto a polycrystalline
Pt substrate held at room or cryogenic temperature. The

Pt substrate is fixed to a rotatable sample holder in order
to place the target in front of the electron gun and mass
spectrometer.

Once loaded into a miniature oven, the sample to be
investigated is degassed by heating for several hours well
below its evaporation temperature. The evaporation-rate
dependence on oven temperature is determined in the
load-lock chamber by recording the partial pressure of
the molecules with a residual-gas analyzer as a function
of oven temperature (Herve du Penhoat et al., 2001).
Once the oven has reached evaporation temperatures, it
is transferred into the main chamber and is placed at
ca. 1 cm from the sample holder; subsequently, the shutter
is opened, and compounds are thermally evaporated onto
the polycrystalline Pt substrate. The latter is clamped
to, but electrically isolated from, the rotatable sample
holder, which can be cooled by a cryostat. The substrate
is cleaned prior to each deposition by resistive heating.
The integrity of the sublimated films can be verified in situ
by X-ray photoelectron spectroscopy (Klyachko, Huels,
& Sanche, 1999) and outside of the vacuum by chromato-
graphy. The average film thickness is determined within
50% accuracy by measuring the mass of the condensed
film with a quartz crystal microbalance.

Volatile compounds can be introduced directly into
the main chamber via a tube that ends in front of the
Pt substrate. This tube is connected to a valve that allows
the gas or vapor, contained at a known pressure in a
calibrated volume, to expand into vacuum. In this case, the
metal substrate must be cooled to cryogenic temperatures

FIGURE 3. Schematic overview of the type of apparatus used to investigate the desorption of ions and
neutral species induced by electron impact on thin molecular and bio-organic films. The thin films are
usually formed by the condensation of molecules evaporated from an oven or leaked in front of a metal
substrate fitted to the rotatable sample holder. (Reprinted with permission from Herve du Penhoat et al.
[2001]. Copyright 2001 American Institute of Physics.)
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(15–100K) in order to avoid substantial evaporation of the
film in UHV. The film thickness can be estimated to within
a 20–50% accuracy from gas-volume expansion and
by measuring the thickness-dependence of the electron
current transmitted through the film during the experiment
(Sanche, 1991).

For compounds thatmight be destroyed by evaporation
into vacuum, two different techniques have been developed
to produce thin biomolecular films on metal substrates.
When multilayer films are required, a solution of the
compound is made and a small aliquot of the solution is
lyophilized on a tantalum substrate (Boudaiffa et al., 2002).
The sample preparation and manipulations are performed
within a sealed glove box under a pure dry-nitrogen
atmosphere. Several samples are afterwards transferred
directly into an UHV system, or via a load-lock—as shown
in Figure 3. Samples are placed on a rotary multi-sample
holder, which can transport each sample in front of the LEE
beam. The average film thickness is usually estimated from
the amount deposited and the density (Boudaiffa et al.,
2002).

It has been shown that, upon adsorption onto a metal
surface, certain biomolecules may chemically decompose
(Patthey, 1995; Nyberg et al., 2000). For instance, glycine
fragments into CH3/NH2 and CO2 when adsorbed onto a
Cu (110) surface (Nyberg et al., 2000). Such chemical
decomposition may also occur on other metal substrates.
Therefore, relatively thick (�5 ML) monolayer films are
usually deposited to insure that the measured signal arises
from electron interaction with biomolecules that lie close
to the film-vacuum interface.

When only a single layer of a relatively large bio-
molecule is needed, a uniform layer can be formed on a
gold substrate by chemisorption if the molecule does not
fragment on the metal. The technique is essentially the
same as that utilized to prepare self-assembled monolayers
(Porter et al., 1987; Dugal, Huels, & Sanche, 1999). It has
served to prepare films of oligonucleotides that consist of
six to twelve bases (e.g., a trimer is shown in Figure 2b).
However, compared to self-assembled monolayers, the
large biomolecules are not necessarily well ordered on the
substrate. The gold substrate is usually prepared by vacu-
um evaporation of high-purity gold (99.9%) onto freshly
cleaved preheated mica slides (Dugal, Huels, & Sanche,
1999). These slides are dipped for at least 24 h in an
aqueous solution of highly purified oligonucleotides. With
this procedure, one monolayer (Dugal, Huels, & Sanche,
1999; Dugal, Abdoul-Carime, & Sanche, 2000) is
chemically anchored to the gold substrate via the
phosphotioatemodification on each deoxycytosine nucleo-
tide (i.e., substitution of the double-bonded oxygen atoms
by double-bonded sulfur at the phosphorus). In this surface
configuration, the oligos are expected to lie parallel to the
gold surface with the DNA bases facing vacuum.

Considering that the chemisorbed oligos are well ordered
and densely packed, an upper limit for the DNA bases
surface coverage (i.e., N0& 1.7� 1014 bases/cm2)
(Abdoul-Carime, Dugal, & Sanche, 2000a) is obtained,
regardless of the nature and number of the bases. The
reproducibility of the results obtained so far (Dugal, Huels,
& Sanche, 1999; Dugal, Abdoul-Carime, & Sanche, 2000;
Abdoul-Carime,Dugal,&Sanche, 2000a) suggests that the
surface coverage is constant within 20% of the data spread.
After removal of themica-Au-oligo slide from the solution,
it is rinsed with a copious amount of nanopure water and
dried under nitrogen flow. Each slide is divided into smaller
samples, which are afterwards mounted on a rotary
multiple sample holder and introduced in a UHV prepara-
tion chamber for ca. 12 h of degassing. The oligonucleo-
tides are free of the hydration layer, but a small amount of
‘‘structural’’ water is likely to remain tightly bound to the
oligos. Afterwards, the eight samples are transferred from
the load-lock chamber to themain chamber, via a gatevalve
as shown in the schematic diagram of Figure 3.

B. Electron-Stimulated Desorption (ESD) of Ions
and Neutral Species

Some of the damage induced by LEE impact on bio-
molecular films can be assessed bymonitoring the ions and
neutral species that desorb in vacuum, while the film is
being bombarded. Such measurements can be performed
by placing the sample near amass spectrometer—as shown
in Figure 3. A LEE beam, emanating from an electron
monochromator or a focusing electron gun, impinges onto
the sample. In certain systems, the focused electron beam
(& 3-mm diameter spot) can be displaced across the
sample surface by two sets of orthogonal electrostatic
deflector plates. The full-width at half-maximum of the
electron-energy distribution varies from 0.03 to ca. 0.3 eV,
depending on the type of electron source for typical beam
currents of 5–400 nA. The incident electron-energy scale
is calibrated such that 0 eV corresponds to the onset of
electrons transmitted to the metal substrate (Sanche &
Deschênes, 1988) (i.e., 0 eVis defined as thevacuum level).
This onset can be determined within an accuracy of� 0.25
to� 0.05 eV. Because energy shifts in this onset are re-
lated to electron trapping, this method allows one to verify
that measurements are obtained from uncharged films;
alternatively, with this method it is possible to obtain an
estimate of charge accumulation during electron impact
(Marsolais, Deschênes, & Sanche, 1989). Although rela-
tively high currents were required to detect desorption
of certain fragments in the experiments reported in this
review, no charging was detected within the stated ac-
curacy in energy scale.

Neutral species desorbed from the films that reach the
ionizer of the mass spectrometer, shown in Figure 3, can
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be ionized and focused onto the quadrupole rods. Charged
particles are kept from reaching the ionizer by placing
suitable potentials on grids or lenses located between the
target and the ionizer. To increase the detection efficiency
of desorbing neutral species, the latter can be ionized close
to the target surface by a laser (Kimmel & Orlando, 1995).
With a standard electron-ionization source, the background
signal can be discriminated by beam modulation lock-
in techniques (Rakhovskaia, Wiethoff, & Feulner, 1995).
Such measurements do not allow the determination of
absolute yields.

In order to determine the absolute desorption yields
of neutral products, their formation must be related to a
pressure rise within a relatively small volume. In this case,
a mass spectrometermeasures the partial-pressure increase
in a small UHV chamber due to the desorption of a specific
fragment induced by LEE impact on a thin film (Dugal,
Huels, & Sanche, 1999; Dugal, Abdoul-Carime,& Sanche,
2000; Abdoul-Carime, Dugal, & Sanche, 2000a). At equi-
librium, the number of fragments desorbed per unit time,
Nd/Dt, is equal to the partial pressure variation, DRPP,
times a factor of 1.3� 1018 that corresponds to SN/RT,
where S is the true nominal pumping speed of the system,N
isAvogadro’s number, R is the perfect gas constant, andTis
the temperature (Dugal, Abdoul-Carime,& Sanche, 2000).
The effective number of a specific fragment desorbed per
incident electron is proportional to the effective desorption
cross-section via the constant (N0/a), where N0 is the initial
number of target molecules in the irradiated area a (Dugal,
Abdoul-Carime, & Sanche, 2000; Abdoul-Carime, Dugal,
& Sanche, 2000b).

As shown in Figure 3, ions that emerge from the film
can be focused by ion lenses located in front of the mass
spectrometer. For such measurements, the ionizer of the
mass spectrometer is turned off. In certain systems, grids
are inserted between the lenses in order to analyze the ion
energies by the retarding-potential method. Relative ion
yields can be obtained from three different operating
modes (Sanche, 1995): (1) the ion-yield mode, in which
ions of a selectedmass are detected as a function of incident
electron energy, (2) the ion-energy mode, in which the ion
current at a selected mass is measured for a fixed electron
energy as a function of the retarding potential, and (3) the
standardmassmode, inwhich the intensity ofmass peaks is
measured for a fixed electron energy.

C. Analysis by Electrophoresis

Once extracted from vacuum, the irradiated samples can,
in principle, be identified by various standard methods
of chemical analysis. In practice, however, the quantity
of recovered material and fragments are so small that an
efficient method of damage amplification is required to
observe any type of fragmentation. One method of damage

amplification consists of using a target film, in which a
small modification at the molecular level can cause a large
conformational change. As far as biomolecular films are
concerned, only strand breaks in supercoiled DNA have so
far been investigated with such a method. In this case, a
single bond rupture in a plasmid of a few thousand base
pairs (bp) can cause a conformational change in the
geometry of DNA, and hence be detected efficiently by
electrophoresis.

The DNA experiments were performed by Boudaiffa
et al. [2000a,b, 2002] and Huels et al. (submitted), who
bombarded, with 3 eV to 1.5 keV electrons, pure dry
samples of supercoiled DNA under a hydrocarbon-free
10�9 Torr residual atmosphere. Plasmid DNA [pGEM
3Zf(�), 3,199 bp] was first extracted fromEscherichia coli
DH5a, purified, and resuspended in nanopure water
without any salt. Dry DNA films were formed in a clean
N2-filled glove box: an aliquot of the pure aqueous DNA
solution was deposited onto chemically clean tantalum
substrates held at liquid nitrogen temperature, lyophilized
with a hydrocarbon-free sorption pump at 0.005 Torr, and
transferred directly into a UHV chamber without exposure
to air. After evacuation for �24 h, the room-temperature
DNA solid films, of 5 monolayer (ML) average thickness
and 6 mm diameter sample, still contained 2.5 H2O
molecules/bp as structural water (Boudaiffa et al., 2002).
Each target film was bombarded with a monochromatic
LEE beam of the same diameter, for a specific time at a
fixed beam current density (2.2� 1012 electrons s�1 cm�1)
and incident electron energy.After bombardment, theDNA
was analyzed by agarose gel electrophoresis and quantified
as supercoiled (undamaged), nicked circle (SSB), full-
length linear (DSB), or short linear forms (Boudaiffa et al.,
2000a, 2002). The procedure was repeated at different
electron energies and periods of bombardment.

III. INTERPRETATION OF THE DEPENDENCE
OF ION AND NEUTRAL YIELDS ON INCIDENT
ELECTRON ENERGY

In order to interpret in terms of fundamental processes the
incident-energy dependence of the yields of fragments
(i.e., the yield functions) induced by LEE impact on bio-
molecular films, some knowledge of the basic interaction
between an electron and a molecule is required. In general,
the interaction of an electron with an atom or a molecule
can be described in terms of forces derived from the poten-
tial that acts between them. There are basically three types
of forces between an electron and a molecule (Mott &
Massey, 1965): (1) the electrostatic force, which acts be-
tween the projectile electron and the constituent-charged
elementary particles of the target; (2) the exchange force,
which reflects the requirement that the electron-target

& SANCHE

354



system wave function must be antisymmetric under
pairwise electron interchange; and (3) the induced
polarization attraction, which is due to the distortion of
the target orbitals by the electric field of the projectile
electron. Forces (1) and (3) can be described by a potential
that consists of a series of terms, whosemagnitude depends
on electron energy (Takayanagi, 1967). At high energies,
the dipole term dominates the interaction, but as the energy
falls below ca. 1 keV, other terms may become important
(e.g., those that involve the quadrupole and higher
moments), depending on momentum transfer. At even
lower energies, particularly below 30 eV, the scattering
electron can modify molecular orbitals, giving rise to
induced-polarization interaction (Mott & Massey, 1965;
Massey, 1976). Furthermore, at such low energies, the
exchange force becomes more effective, and it must be
taken into account in the electron-molecule potential. At
certain energies, the forces that act between an electron and
a molecule may combine to produce an effective potential
capable of momentarily capturing the scattering electron.
This ‘‘resonance’’ phenomenon causes the formation of a
transient anion (Schulz, 1973).

The electron–molecule interaction at low energies
(1–30 eV) can, therefore, be described in terms of resonant
and non-resonant or direct scattering. The latter occurs
at all energies above the energy threshold for the ob-
served phenomenon, because the potential interaction is
always present. Thus, direct scattering produces, in low-
energy yield functions, a smooth usually rising signal that
does not exhibit any particular features. However, reso-
nance scattering occurs only when the incoming electron
occupies a previously unfilled orbital of themolecule. Such
an orbital exists at a precise energy (Allan, 1989; Sanche,
1991), and thus, resonance scatteringoccurs only at specific
energies that correspond to the formation of transient
anions. At the resonance energy, product yield is usually
enhanced, and a strong peak is observed in the yield func-
tion. The dependence of the desorbed ion and neutral yields
on incident-electron energy is, therefore, expected to ex-
hibit pronounced maxima superimposed on an increasing
monotonic background that results from direct scattering.

Electron resonances arewell described in the literature
and many reviews contain information relevant to this
scattering phenomenon (Schulz, 1973; Massey, 1976;
Christophorou, 1984; Allan, 1989; Sanche, 1991, 1995,
2000; Palmer & Rous, 1992). There are two major types
of resonances or transient anions (Schulz, 1973). If the
additional electron occupies a previously unfilled orbital of
the target in its ground state, then the transitory state is
referred to as a single-particle or ‘‘shape’’ resonance. The
term ‘‘shape’’ resonance applies more specifically when
temporary trapping of the electron is due to the shape of the
electron-molecule potential. When the transitory anion is
formed by two electrons that occupy previously unfilled

orbitals, the resonance is called ‘‘core-excited’’ andmay be
referred to as a two-particle, one-hole state.

For a simple molecular liquid or solid composed
of diatomic molecules, AB, unimolecular fragmentation
pathways at low energies are described in Figure 4. The
direct electron interaction may produce an excited neutral
state of the molecule (AB*) via pathway a. AB* may
dissipate its excess energy via photon emission and/or
energy transfer to the surrounding medium (i.e., a1). If the
configuration of an electronically excited state is dissocia-
tive, then AB* may dissociate into two atoms (or neutral
radicals in the case of a more complex molecule) as shown
by the a2 pathway.Above a certain energy threshold (�14–
16 eV), fragmentation via dipolar dissociation (DD), path
a3, becomes possible to yield an anion and a cation. In the
case of resonant scattering, the incident electron tempora-
rily attaches to the molecule via the b pathway. The
resulting transient anion may autoionize via b2 or, for a
sufficiently long-lived anion in a dissociative state, it may
fragment into a stable anion and a neutral atom or radical,
(i.e., b1); this latter mechanism is known as dissociative
electron attachment (DEA). When the (AB�)* state lies
above the energy of the first electronically excited state of
AB, the molecule can be electronically excited after

FIGURE 4. Energy transfer and unimolecular fragmentation pathways
that follow low-energy electron interaction with a molecule AB. The
asterisk in parentheses indicates that the species could be electronically
excited. (Reprinted with permission from Dugal et al. [2000]. Copyright
2000 American Chemical Society.)
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electron detachment (b2); in this case, it could decay into
the a1, a2, and a3 pathways previously described. Finally,
the incoming electron can directly ionize the molecule via
path c, and if the resulting cation is dissociative, then it
may fragment, as shown by reaction c1. This dissociation
channel is usually non-resonant.

IV. RESULTS AND DISCUSSION

A. Desorption of Ions and Neutral Species
from Water-ice Films Induced by
Low-Energy Electrons (LEEs)

Some of the damage induced by low-energy electron
impact on amorphous ice films has been measured by
recording H� (Rowntree, Parenteau, & Sanche, 1991;
Simpson et al., 1997, 1998), H2 (Kimmel et al., 1994;
Kimmel & Orlando, 1996), D(2S), O(3P), and O(1D2)
(Kimmel & Orlando, 1995; Kimmel et al., 1997)
desorption-yield functions in the range 5–30 eV. Most of
these functions exhibit resonance structures below 15 eV,
which are characteristic of transient anion formation. From
anion yields, DEA to condensed H2O (pathway b! b1 in
Fig. 4) was shown to result principally in the formation of
H� and theOH. radical fromdissociation of the 2B1 state of
H2O

� located in the 7–9 eV region. Figure 5 exhibits the
H� ESD yield function that results from the dissociation of
the 2B1 state and smaller contributions from the 2A1 and

2B2

anionic states, which are formed near 9 and 11 eV, respec-
tively (Rowntree, Parenteau, & Sanche, 1991; Simpson
et al., 1997)]. At higher energies, non-resonant processes,
such as DD (pathway a! a3 in Fig. 4), lead to H2O
fragmentation with the assistance of a broad resonance that
extends from 20 to 30 eV (Simpson et al., 1997). This
higher-energy resonance is clearly seen in the yield of
neutral molecular hydrogen recorded by Kimmel &
Orlando (1996).

In some of the water-ice experiments, the temperature
of the substrate was modified before or after water con-
densation in order to investigate the effects of morphology
and porosity (Simpson et al., 1997, 1998). The electron-
energy dependence of the D� signal from 20 bilayers of
porous amorphous ice, grown at 27 K (Simpson et al.,
1998) and recorded at various film temperatures, is shown
in Figure 5. The resonance energies and the anionic yields
both changewith temperature.An analysis of the D�onset
energy and the energy and intensity of the resonance peak
indicates that there is a break in this behavior at ca. 60 K.
The peak intensity increases fivefold between 27 and 60 K,
remains ca. constant between 60 and 100 K, and more than
doubles between 100 and 140 K. These results were
attributed to the thermally induced movement of
the hydrogen-bonding network, which changes the orien-

tation of the surface molecules and the lifetimes of
the predissociative transient anions that lead to the ESD
of D�.

Kimmel et al. measured the D2 (X1P
gþ), D(2S),

O(3Pj¼ 2,1,0), and O(1D2) products (Kimmel & Orlando,
1995; Kimmel et al., 1997) that desorb from D2O
multilayers (�20 nm) grown on a platinum (111) crystal
at 88 K under conditions that are known to produce
amorphous ice. The ice samples were irradiated with a
pulsed electron beam in an apparatus similar to the one
shown in Figure 3 and the desorbing neutral products were
ionized by laser resonance-enhanced multiphoton ab-
sorption. State-specific time-of-flight distributions were
obtained by varying the delay time between the electron-
beam pulse and the laser pulse. The D(2S), O(3P2), and
O(1D2) yields versus incident electron energy are shown in

FIGURE 5. D� signal desorbed by the impact of 3–21 eVelectrons from
20-bilayer porous amorphous ice films grown at 27 K and raised to
various temperatures. Individual scans are offset vertically for display,
and are labeled with the temperature at which they were recorded.
(Reprinted with permission from Simpson et al. [1997]. Copyright 1997
American Institute of Physics.)
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Figure 6. The spectra were obtained with electron-beam
pulse-widths that integrate the entire velocity distributions.
TheD(2S) has an apparent threshold at�6.5 eV.Above this
threshold, the D(2S) intensity increases rapidly until a
distinct plateau is reached for �14�Ei� 21 eV. The
signal increases more gradually for electron energies
above0 21 eV. The thresholds for the O(3P2) and O(1D2)
signals lie in the range 6–7 eV. Whereas the O(3P2,

1D2)
yields arise exclusively from direct electron-molecule
scattering (pathways a! a2 in Fig. 4), the broad peak
located near 14 eV in the D(2S) yield function could arise
from a superposition of a contribution from resonance
scattering via the pathways b! b2! a2 shown in Figure 4
and direct scattering. However, this structure observed in
the D-atom yield has been attributed mainly to ionization
(Kimmel & Orlando, 1995) near the surface, leading to
exciton formation by electron-ion recombination. D-atom
desorption then occurs from exciton dissociation.

The low threshold energies for the production ofD(2S),
O(3P), and O(1D2) show the importance of valence-excited
states in the ESDof neutral fragments (Kimmel&Orlando,
1995). The pathway for D(2S) desorption involves
D2O*!D.þOD., but the thresholds to produce O(3P2)
and O(1D2), which are the same within experimental
error, are lower than the 9.5 and 11.5 eV thermodyna-
mic energies required to produce O(3P2)þ 2D(2S) and
O(1D2)þ 2D(2S), respectively. The low threshold values,
therefore, indicate that the formation of O(3P2) and O(

1D2)
must occur by a pathway that involves the simultaneous
formation of D2. Kimmel et al. (1994) have in fact reported

a threshold for the production of D2 from D2O ice at
�6–7 eV that supports this conclusion. Above the ioniza-
tion threshold of amorphous ice, these excited states can
be formed via pathways a! a2, b! b2! a2, or c! c1,
shown in Figure 4, or via electron-ion recombination.

The desorption of hydrogen and deuterium cations
induced by LEE impact on 1–40-ML film of H2O and
D2O, respectively, has been reported by many authors
(Stockbauer et al., 1982; Rosenberg et al., 1983;Ding et al.,
1984; Bertel et al., 1985; Noell, Melius, & Stulen, 1985;
Stulen & Thiel, 1985; Bennett et al., 1991; Sieger,
Simpson, &Orlando, 1997, 1998). The energy dependence
of the total yield and the velocity distribution were
recorded by Sieger, Simpson, & Orlando (1997) as a func-
tion offilm thickness, temperature, and ice phase from90 to
200K. TheDþ yields were found to change as a function of
these parameters. The total Dþ ESD yields as a function of
electron energy from 40 ML amorphous and crystalline
D2O ice films, respectively, at two representative tempera-
tures (Sieger, Simpson, & Orlando, 1997) are shown in
Figure 7. Two major thresholds are evident: A at �22–
24 eV and B at �40 eV. Threshold A has been assigned
to deep-valence excitation followed by a shake-up to
two-hole-one-electron (2h1e) dissociative excited states,
(Noell, Melius, & Stulen, 1985; Stulen & Thiel, 1985;
Bennett et al., 1991). Threshold B has been tentatively
assigned to valence excitation plus shake-off to form two-
hole (2h) states, which dissociate via a Coulomb explosion
(Rosenberg et al., 1983; Ding et al., 1984; Bertel et al.,
1985; Stulen & Thiel, 1985). The insets show the onset of
emission at low and high temperatures. The onset for
desorption from crystalline ice appears to shift by almost
þ2 eV between 110 and 155 K, whereas the amorphous ice
shows a smaller shift. This shift in threshold energy could
not be accounted for (Sieger, Simpson, & Orlando, 1997)
by the temperature dependence of the work function
(Langenbach, Spitzer, & Luth, 1984). Instead, it appeared
that an excitation channel is being suppressed for high-
temperature crystalline ice.

Detailed measurements indicated that the Dþ yield
generally increases with temperature, rising to near 120 K
on amorphous ice, and to near 135 K on crystalline ice. An
amorphous-crystalline phase transition at �160 K was
found to cause a drop in the total desorption yield. The
temperature dependence of D� desorption via the 2B1 dis-
sociative electron attachment resonance shown in Figure 5
is very similar to that of the Dþ yield measured by Sieger
et al. (1997) and likely involves similar restructuring
and lifetime effects. However, no electron-resonance struc-
tures have been observed so far in any of the ESD yield
function of cations. The anion and cation data from water-
ice films collectively suggest that a thermally activated
reduction of surface hydrogen-bonding increases the
lifetime of the excited states that are responsible for ion

FIGURE 6. Stimulated desorption from amorphous ice of the atoms
D(2S), O(3P2), and O(

1D2) vs. incident electron energy. The D(
2S) yield

rises rapidly above threshold, and is constant from �14 to 20 eV. The
O(1D2) and O(

3P2) signals have a similar threshold, but increase linearly
above threshold. The scatter in the data is indicative of the statistical
error. (Reprinted with permission from Kimmel and Orlando, Phys Rev
Lett, 75: 2606–2609 [1995]. Copyright 1995 by the American Physical
Society.)

NANOSCOPIC ASPECTS OF RADIOBIOLOGICAL DAMAGE &

357



desorption, and that these lifetime effects are strongest
for excited states that involve a1 bands (Sieger, Simpson,
& Orlando, 1997).

B. Anion ESD from Thin Films
of Deoxyribose Analogs

As shown in Figure 2, tetrahydrofuran and its analogs
(i.e., compounds I, II, and III) are part of the basic
molecular sub-units of the DNA backbone. In DNA, a
single-strand break occurs when one of the two backbones
is broken. If breaks occur on two chains within a short
distance (�10 bp or 30 Å), then the damage is referred
to as a double-strand break. To understand how such
breaks can occur via LEE impact on specific sub-units of

the backbone, ESD experiments were performed with
solid films of the sugar-like analogs, tetrahydrofuran (I),
3-hydroxytetrahydrofuran (II), and a-tetrahydrofuryl
alcohol (III) (see Fig. 2).

The yields of H� ion desorbed by the impact of 1–
20 eV electrons on 10-ML film of I, II, and III are shown
in Figure 8. The curves are characterized by an onset at
6.0, 5.8, and 6.0 eV, respectively and a yield maximum
centered at 10.4, 10.2, and 10.0 eV for I, II, and III,
respectively. Other weaker features are also observed in
the H� yield functions for II and III; they appear on the
low-energy side of the 10 eV peak. These results were
generated by measuring, with an experimental arrange-
ment of the type shown in Figure 3, theH� anions desorbed
by a collimated 4 nA electron beam of 80 meV full-width
at half-maximum, incident at an angle of 708 from the
surface normal of the sample film (Antic et al., 1999). The
multilayer films of I, II, and III were grown in UHV on
an electrically isolated polycrystalline platinum ribbon
attached to the tip of a closed-cycle helium-refrigerated
cryostat (Antic et al., 1999).

All features below 15 eV in Figure 3 are characteristic
of DEA to I, II, and III. The steep rise in theH� signal with

FIGURE 7. TotalDþ yield desorbed by 20–100 eVelectrons recorded at
different temperatures from 40 monolayer (ML) films of (a) amorphous
ice and (b) crystalline ice. The curves are offset for clarity. The thresholds
are labeled A and B. Insets show near-threshold behavior as a function
of temperature. These results were taken from Seiger, Simpson, and
Orlando, Phys Rev B, 56:4925–4937 (1997). Copyright 1997 by the
American Physical Society. Reproduced with permission.

FIGURE 8. H� desorption yields stimulated by the impact of 1–20 eV
electrons on 10-ML thick films (10 L) of compounds I, II, and III, whose
chemical structures are shown in Figure 2. The smooth solid-lines serve
as guides to the eye, and the ‘‘zero-count’’ baselines have been shifted
vertically for clarity in the case of compounds II and III. (Reprinted with
permission fromAntic et al. [1999]. Copyright 1999American Chemical
Society.)
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an energetic threshold near 14.5 eV is characteristic of
non-resonant DD of C-H bonds in I, II, and III; it could
also partially arise from DD of the O-H bond in II and III.
The formation of H� via DEA from I, II, and III has been
discussed in detail by Antic et al. (1999). These authors
considered the possibility that H� arise from dissocia-
tion of the tetrahydrofuran ring, and of the �OH and
the�CH2OHgroups. Other decay channels of the transient
anions could result in the formation of larger anion
fragments, such as OH� and CH2OH

�, and could compete
with H� production; however, these heavier ions were not
observed to desorb. Typically, large-mass fragments do not
possess sufficient kinetic energy to escape the induced
polarization, and thus they remain trapped within the film
or at its surface (Huels et al., 1995). Owing to the strong
similarity of the H� desorption profiles for I, II, and III,
those authors concluded that the majority of the anion
yield for all three systems arises from at least one transient
anion associated with electron attachment to the furan ring
and located near 10 eV. Considering the large Rydberg
character of the excited states in I near the energy range of
the observed resonance, they further suggested that this
resonant state is of the core-excited type, possibly with
dissociative valence s* configurational mixing.

C. Anion ESD from Thin Films of DNA Bases

Electron-impact dissociation of DNA bases and halogen-
substituted bases has been investigated in the gas- and
condensed-phases (Huels et al., 1998; Klyachko, Huels, &
Sanche, 1999; Herve du Penhoat et al., 2001; Abdoul-
Carime, Cloutier, & Sanche, 2001). In both phases, a large
variety of stable anions is produced via DEA to the bases
for electron energies below 30 eV. The anions H�, O�,
CN�, CH2

�, OCN�, and OCNH2
� were observed from

gaseous thymine, whereas electron impact of gaseous
cytosine resulted in the formation of the anionsH�, C�, O�

and/or NH2
�, CN�, OCN�, C4H5N3

� and/or CH4N3O
�,

and C3H3N2
� (Abdoul-Carime et al., 2001).

All four bases were investigated in the form of thin
multilayer films, but fewer anions of different masses
were measured than in the gas phase. The difference is
principally due to the inability of the heavier anions to
overcome the polarization potential that they induce in the
film(Huels et al., 1995), causing them to remain undetected
in the target. In fact, only the light anions H�, O�, OH�,
CN�, OCN�, andCH2

� were found to desorb by the impact
of 5–35 eV electrons on physisorbed adenine, thymine,
guanine, and cytosine via either single or complex multi-
bond dissociation (Abdoul-Carime, Cloutier, & Sanche,
2001). The H� yield functions produced by 5–45 eV
electron impact on thin films of adenine and thymine are
shown in Figure 9a,b, respectively. The functions presented
in c and dwere obtained by subtracting, from the curves in a

and b, respectively, a background signal that rises linearly
with the electron energy and has a threshold at 10 eV. The
results of Figure 9 were obtained from an irradiation of
1–10-ML films by a 6 nA electron beam. The yield func-
tions of H� ions desorbed by electron impact on guanine
and cytosine films exhibit the same electron-energy de-
pendence as that shown in Figure 9. The H� yield function
exhibits resonance structures at around 9 and 20 eV, which
are typical signatures of DEA to the molecule. The sub-
tracted monotonic increase of the ion yield represents a
non-resonant stable-anion production via DD (i.e., path-
way a! a3 in Fig. 4: direct scattering of the electron
without attachment to the molecule). The resonance
features may be compared with the structures reported
earlier in electron energy-loss spectra (Crewe, Isaacson, &
Johnson, 1971; Dillon, Tanaka, & Spence, 1989) and
ultraviolet photoelectron (Yu et al., 1978) studies of nucleic
acid bases. According to theoretical ab initio calculations
(Mely & Pullman, 1969; Lorentzon, Fulsher, & Roos,
1995), transient anion formation at 8–9 and 14–15 eV can
be attributed to electron capture by the positive electron-
affinity of excited states that involves the excitation of the
lone-pair n!p*, p!p*, and/or s!s* (i.e., formation
of a two-electron one-hole transitory anion). Thus, the
formation of H� at these energies is likely to occur through
a dissociation of a core-excited resonance (b! b1 in
Fig. 4). Moreover, according to the previous work on gas-
phase deuterated thymine (Huels et al., 1998), the H� peak
at 9 eV would arise from a C-H bond cleavage.

The origin of the peak at around 20 eV in Figure 9 is
less obvious because it lies well above the DD threshold.
Beyond 12 eV, resonance features may arise from DEA
(b! b1 in Figure 4) or from the decay of the transitory
anion into the DD continuum (b! b2! a3 in Fig. 4; e.g.,
for thymine, eþT!T�!T*þ e! radicalþþH�þ e).
Higher-energy features may also arise from energy losses
prior to DEA (Antic, Parenteau, & Sanche, 2000; Hoffman
et al., 2001). Thus, the 20-eV peak in Figure 9 could also
contain contributions from electrons that lose �11 eVand
form the dissociating 9-eVanion state.

Another example of anionESD from thin films ofDNA
bases is provided in Figure 10. This figure exhibits the CN�

yield functions produced by 3–20 eV electrons that
impinge on thin films of each one of the four bases. The
maxima in the yield functions are characteristic of DEA to
the bases. Whereas H� ion desorption, such as that shown
in Figure 9, can be induced via a simple bond cleavage from
the bases, the production of CN� occurs under a more
complex ring-dissociation. From the structure of the DNA
bases (Fig. 2), it can be readily seen that the extraction of a
CN� anion must involve more than a single bond cleavage.
In other words, during the lifetime of the negative ion, not
only does exocyclic single bond cleaveage occurs, but also
complex endocyclic multibond cleavages are involved
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via, most likely, either stepwise (Andrieux, LeGorande,
& Saveant, 1992) or concerted reactions (Stepanovic,
Pariat, & Allan, 1999). The similarity of the CN�, OH�,
and O� ion-yield functions with resonant peaks at 9.0 and
10 eV from guanine or cytosine and thymine films, re-
spectively, observed by Abdoul-Carime et al. (2001),
suggests that they arise from the formation of a same
excited isocyanic anion intermediate (OCNH)*�, via
closely lying but distinct resonances; i.e., (G�, C�, or
T�) !R.þ (OCNH)*�, where R. represents the remain-

ing radical. (OCNH)*� further undergoes fragmentation
into different possible dissociative channels: CN�þOH.,
OH�þCN., or O�þCNH..

D. Neutral-Species Desorption from Short
Single-DNA Strands Induced by LEEs

In recent experiments, the damage produced by LEE
impact on short single-strands of DNA was measured by
ESD. Such a strand or oligonucleotide, consisting of three

FIGURE 9. Electron-energy dependence of the H� ion yield desorbed from (a) adenine and (b) thymine
films of different thicknesses (in ML). The arrow indicates the shoulder observed at 14–15 eV incident
electron energy. (c) Yield functions of adenine and (d) of thymine observed by subtracting a linear
background from curves a and b, respectively. (Reprinted with permission from Abdoul-Carime, Cloutier,
Sanche [2001]. Copyright 2001 Radiation Research.)
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base units, is shown in Figure 2b. Research in this area has
been largely performed by Dugal et al. (1999, 2000) and
Abdoul-Carime et al. (2000a,b, 2001, 2002), who mea-
sured the yields of neutral fragments induced by 1–30 eV
electrons that impinged on oligonucleotides that consisted
of 6 to 12 base units. The oligomers were chemisorbed on a
gold surface via the sulfur-bonding technique described in
Section II. Their results showed that LEE-impact dissocia-
tion ofDNAbases led to the desorption ofCN., OCN., and/
or H2NCN neutral species as the most intense observable
yields. No sugar moieties were detected; nor were any
phosphorus-containing fragments or entire bases. These
results were obtained from mass spectrometric measure-
ments, explained in Section II, of the residual atmosphere
near the target during its bombardment inUHVby a 10�8A

electron beam. Figure 11 presents the electron-energy
dependence of neutral CN. (&) and OCN. (and/or
H2NCN) (*) fragments desorbed per incident electron
from oligomers that consist of nine bases (Abdoul-Carime,
Dugal, & Sanche, 2000b; Dugal, Abdoul-Carime, &
Sanche, 2000). The upper, middle, and lower panels show
the results from oligonucleotides that consist of nine
cytosine bases, Cy9, six cytosine bases and three thymine
bases, Cy6T3, and six cytosine bases and three bromouracil
bases, Cy6-BrU3, respectively. The latter base is not
naturally found in DNA, but it can be substituted for
thymine and incorporated into cellular DNA, in place of
thymine during DNA replication, to enhance the thera-
peutic effects of high-energy radiation (Zamenhof, De
Giovanni, & Greer, 1958). Above 20 eV in Figure 11,

FIGURE 10. Incident-electron energy dependence of CN� ion yields desorbed under 500 nA electron
bombardment of 8-ML thick films of (a) Adenine, (b) Thymine, (c) Guanine, and (d) Cytosine. (Reprinted
with permission from Abdoul-Carime, Cloutier, & Sanche [2001]. Copyright 2001 Radiation Research.)
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the neutral-fragment production increases linearly with
the incident-electron energy; that result is indicative of
molecular fragmentation governedmostly by non-resonant
dissociation and/or dissociative ionization of the bases
(pathways a! a2 and/or c! c1 shown in Fig. 4). Below
20 eV, base fragmentation involves resonant and non-
resonant excitation to dissociative electronic neutral states
(pathways a! a2 and b! b2! a2 in Fig. 4) and DEA
(Dugal, Huels, & Sanche, 1999; Dugal, Abdoul-Carime, &
Sanche, 2000a; Abdoul-Carime, Dugal, & Sanche, 2000b).
The curves in Figure 11 present broad peaks, due to DEA,
which are superimposed on a smoothly rising signal due
to direct electronic excitation. At such relatively high
energies (i.e., from 7 to 15 eV for all oligomers), the broad
maxima are likely to reflect the formation of core-excited
resonances that are dissociative in the Franck-Condon
region. This interpretation is supported by: (1) the electron-
energy losses in solid-phase DNA bases (Crewe, Isaacson,
& Johnson, 1971) in the 7–15 eV range, which are
attributed to the promotion of p- or s-orbitals to higher

energy ones; (2) the observation of resonant formation of
H� andCN� at, respectively, 9–10and16eVand10–15eV
(e.g., Figs. 9 and 10) in the ESD yields from thin films
of DNA bases (Herve du Penhoat et al., 2001; Abdoul-
Carime, Cloutier, & Sanche, 2001a). Moreover, the
threshold of neutral-species production that is observed
at 5 eV coincides with the threshold for electronic
excitations.

An extra peak is observed at 3 eV for BrU-substituted
oligonucleotides in the inset at the bottom of Figure 11.
Because this peak lies at an energy too low to involve any
electronically excited states, it probably arises from the
formation of a shape resonance that consists of the BrU
molecule in the ground state with an electron that occupies
a usually unfilled orbital. In XPS (Klyachko, Huels, &
Sanche, 1999) investigations, LEE-induced damage to
bromouracil was found to lead to a dissociation below 5 eV
via resonant-electron capture by BrU followed by dis-
sociation into a uracil-yl radical (U) and Br�. The results
were corroborated by measurements of the Br� and U�

formation below 5 eV that was induced by electron impact
of gaseous bromouracil (Huels et al., 1997;Abdoul-Carime
et al., 2001). In a more detailed investigation of halo-
genated oligonucleotides (Dugal, Abdoul-Carime, &
Sanche, 2000), it was further suggested that, after dis-
sociation, BrU undergoes unimolecular dissociation that
leads to the extrusion of an unstable OCNH moiety;
afterwards, the latter dissociates to CN. and OCN.. In such
a case, the ratio of the yields of CN.and OCN. would be
constant over a large energy range as seen in Figure 11.

E. Sequence-Specific Damage Induced by
LEE Impact on Oligonucleotides

From various results, such as those shown in Figure 11, it
has been possible to determine effective cross-sections or
absolute desorption yields per base for base damage
induced by LEE impact on homo-oligonucleotides (i.e.,
oligonucleotides that consist of only one type of base)
(Dugal, Abdoul-Carime,&Sanche, 2000;Abdoul-Carime,
Dugal, & Sanche, 2000b). As the strand length increased
from 6 to 9 bases, a decrease in the yield per base was
observed; that decrease was attributed to the greater
probability of dissociation at the terminal bases (Abdoul-
Carime, Dugal, & Sanche, 2000b; Abdoul-Carime &
Sanche, 2001). Above nine units, no change larger than 5%
of the signal was found. This percentage lies below
experimental uncertainties, and the probability of frag-
mentation of a given base in an oligo can be considered to
be constant in strands that contain �9 bases. Thus, these
measurements provided an absolute determination of the
chemical sensitivity of a base to LEE impact, in a nonamer
or longer oligo that has the particular configuration
provided by these experiments. With these absolute yields,

FIGURE 11. Incident-electron energy dependence of neutral CN (&)
and OCN (and/or H2NCN) (*) fragment desorption yields per incident
electron from Cy6-(Cy)3 (upper panel), Cy6-(Th)3 (middle panel), and
Cy6-(BrU)3 (bottom panel) oligonucleotides. The spread in the data is
estimated to be 20%. (Reprinted with permission from Dugal et al.
[2000]. Copyright 2000 American Chemical Society.)
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it became possible to calculate the expected yields for a
specific hetero-oligonucleotide by simply adding the yield
for each base contained in the strand. Such projected yields,
for� 9-mers oligonucleotides, necessarily assume that the
damage is solely dependent on the chemical identity of
the base, and does not depend on the environment of the
base or sequence. Any different result found experimen-
tally would thus indicate that the environment of the bases
or their sequences play a role in DNA damage induced by
LEE.

The incident electron-energy dependence of the
projected (i.e., calculated) yields (Y) of OCN. and CN.

per incident electron, desorbed from an hetero-oligonu-
cleotide composed of six thymidine (T) and three
deoxycitidine (dCy9) units, is shown by the white squares
in Figure 12. Each square represents, at a given electron
energy, the yield YT6-dCy3¼ 6YTþ 3YdCy, where 6 and 3

are the relative composition of DNA bases within the
oligomer, and YT and YdCy, the yields per base for the
respective homo-oligonucleotides.When the experiment is
performed on such an hetero-oligonucleotide (i.e., 50-
TdCyTTdCyTTdCyT-30), the curves represented by the
black squares in Figure 12 for OCN. and CN. yields are
obtained. If the DNA sequence had no effect, then the
extrapolated curves would be, within experimental errors,
identical to those measured experimentally. In contrast,
when a protective effect occurs (i.e., less damage than
expected is imparted to the bases), thewhite squares appear
above the black squares and vice versa. For CN. (Fig. 12b),
we find, on average, a slight protective effect above 12 eV,
which becomes more pronounced below that energy. For
the production of OCN. (Fig. 12a), the damage due to base
sequence is even more dependent on energy: below 10 eV,
protection is clearly observed, whereas at higher energies,
cytosine substitution has a sensitizing effect (i.e., more
damage than estimated is imparted). The strong peak
observed around 12 eV in Figure 12a suggests that, at this
resonance, the presence of cytosine promotes the produc-
tion of OCN.. This strong enhancement of low-energy
electron damage around 12 eV may be attributed to the
sensitivity of the transient anion to its environment. It has
been demonstrated, for smallmolecules such asO2, that the
lifetime of the intermediate anion (e.g., O2

�) is sensitive to
the chemical composition (Huels, Parenteau, & Sanche,
1994, 1997) and even the geometrical order of the
environment (Bass et al., 2001). Because fragmentation
occurs for dissociative anions that have a lifetime �one
vibrational period along the relevant nuclear coordinates,
DEA is strongly dependent on the lifetime of the
intermediate anion. In fact, it has been suggested that
changes in the sequence of a DNA strand affect the
magnitude of DEA to the bases by modifying the lifetime
of the base transient-anion (Abdoul-Carime & Sanche,
2001, 2002). Sequence sensitivity could also arise from an
attack of adjacent bases by reactive radicals (Dugal,
Abdoul-Carime, & Sanche, 2000) that is initiated through
DEA to the nearby thymine or cytosine (Huels et al., 1997;
Abdoul-Carime, Cloutier, & Sanche, 2001), leading to the
extrusion of the isocyanic acid (OCNH), followed by
dissociation into OCN.þH. or CN.þOH., as mentioned
in Section IVD. The production of OCNH requires the
scission of at least three C-N single bonds for cytosine,
whereas only two are necessary for thymine. Thus, de-
pending on the position of bases within the T6-dCy3
oligonucleotide, such secondary reactions through radicals
are more effective with thymine than with cytosine.

Further supporting evidence for sequence-dependent
damage arises from measurements of CH3CCO

. frag-
ments, which are not detected with oligomers that contain
only cytosine (Dugal, Huels, & Sanche, 1999; Abdoul-
Carime, Dugal, & Sanche, 2000b). Over essentially the

FIGURE 12. Panels a and b show the experimental (&) and
extrapolated (&) values (see text) of the incident-electron energy
dependence of the number of neutral OCN and CN fragments,
respectively, desorbed per incident electron of 1–30 eV impinging on
T6-dCy3 oligonucleotides; i.e., 5

0-TdCyTTdCyTTdCyT-30. The dashed
curves are guides to the eye. The error bars lie within 15–20% of the
plotted signal, and are the mean standard deviations of five data points.
(Reprinted with permission from Abdoul-Carime & Sanche [2001].
Copyright 2001 Radiation Research.)
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entire energy range in Figure 13, the solid triangles,
representing the yield of this fragment desorbed from T6-
dCy3, lie above the solid squares, representing the yield
from T9, which has a density of thymine bases 50% higher
than in the hetero-oligomer. In other words, even though
CH3CCO

. arises only from the dissociation of thymine,
intercalating cytosine bases between the thymine units
produces a surprisingly higher yield of CH3CCO

. than that
found with an oligomer composed of nine thymine units.
This result provides clear evidence that this change in the
molecular environment of thymine increases consider-
ably the probability of its dissociation into CH3CCO

. and
the corresponding radical. In summary, the ensemble of
the ESD results from oligonucleotides has shown that the
sensitivity to LEE damage of a short single-DNA strand
depends on the electron energy and the chemical nature of
the bases as well as on the environment and the sequence of
the bases.

F. Anion ESD from the Peptide and Disulfide
Bridges of Proteins

Because the complexity of protein structure does not allow
a direct detailed analysis of the mechanisms that underlie
the fragmentation processes induced by LEE impact, re-
cent research has first focused on the investigation of their
action on protein sub-units and, more particularly, on the
peptide and disufide bonds (Abdoul-Carime & Sanche,
2002b; Abdoul-Carime, Cecchini, & Sanche, 2002). These
bonds can be modeled by acetamide (CH3CONH2) and
dimethyl disulfide [(CH3S)2], respectively. Abdoul-Car-
ime, Cecchini, & Sanche (2002) reported measurements of
low-energy ESD of anions from acetamide and dimethyl
disulfide (DMDS) films. Electron irradiation of physi-
sorbed CH3CONH2 produces H

�, CH3
�, and O� anions,

whereas the H�, CH2
�, CH3

�, S�, SH�, and SCH3
� anions

are observed to desorb fromDMDSfilms. Below 12 eV, the
dependence of the anionic yields on the incident-electron
energy exhibits structures that are indicative of fragmenta-
tion via DEA. Within the range 1–18 eV, (1.7 and

FIGURE 13. The CH3CCO electron-stimulated desorption yield per
incident electron, measured from T9 (&) and T6-dCy3 (~) oligonucleo-
tides. The dashed curves are guides to the eye. The error bars represent a
15% variation of the data points, and are the mean standard deviations of
five data points. (Reprinted with permission from Abdoul-Carime &
Sanche [2001]. Copyright 2001 Radiation Research.)

FIGURE 14. Electron-energy dependence of (a) H�, (b) CH3
�, (c) S�

and SH�, and (d) (SCH3) ion yields desorbed from low-energy electron
bombardment of 3-ML thick dimethyl disulfide (DMDS) films. The SH�

yield function in panel c has beenmultiplied by a factor of 2. The smooth
solid-line is the cumulative Gaussian fit to the data. Individual Gaussian
functions are represented by dotted lines. (Reprinted with permission
from Abdoul-Carime, Cecchini, & Sanche [2002]. Copyright 2002
Radiation Research.)
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1.4)� 10�7H� ions/incident electron and (7.8� 10�11 and
4.3� 10�8) of the other ions/incident electron desorb from
acetamide and DMDS films, respectively. These results
(Abdoul-Carime, Cecchini, & Sanche, 2002) suggest that,
within proteins, the disulfide bond is much more sensitive
to LEE attack than the peptide bond. The yield-functions
for anion desorption from DMDS are shown in Figure 14.
They were obtained by irradiating�4-ML thick films with
a 6.5 nA electron beam for H� desorption and with an 8 nA
beam for the heavier negative anions (Abdoul-Carime,
Cecchini, & Sanche, 2002). The yield-functions exhibit
structures at low energies, which are typical of DEA. A
large portion of the anions that desorbed within the energy
range of the peaks shown in Figure 14 are, therefore,
produced through the first step of the reaction pathways
suggested in Figure 15. According to those pathways, the
resonant structures observed at 6.8 eVand 9.2 eV in the H�

yield function (Fig. 14a), arise from reaction E (Fig. 15),
where a single bond ruptures at the methyl group. DEA to
DMDS also induces a single sulfur-sulfur bond-cleavage
through reaction B as shown by the production of (SCH3)

�

anions. Within the lifetime of the transient anion
(CH3SSCH3)

�, more complex exocyclic C-S ring clea-
vages, in addition to S-S bond breaks, may also lead to the
formation of CH3

�, S�, and (SH)� and their neutral
counterparts, as suggested by reactions A, C, and D in
Figure 15. Reactions C and D may arise, a priori, through
either simple bond-breaks or rearrangement reactions
(Andrieux, LeGorande, & Saveant, 1992; Stepanovic,
Pariat, & Allan, 1999). The latter process may occur when
the lifetime of the negative precursor-ion is sufficiently
long to sustain the deformation of molecular orbitals and
substantial rearrangement of the nuclei.

The structure observed at similar energies in
the (CH3)

� and (SCH3)
� anion yield-functions in

Figure 14 suggests competitive channels for transient
(CH3SSCH3)

*� dissociation at approximately 6.0 eV.
Competitive fragmentation may also occur at �9.0 eV
for that of H�, S�, and (SCH3)

�. At these energies, the
incoming electron is likely to transfer energy to electro-
nically excite a target molecule and to be captured by the
positive electron-affinity of the excited state. Thus, the
formation of stable negative ions is likely to occur via a
dissociation of core-excited resonances. Above 12 eV, non-
resonant DD dominates the production of anion fragments.
As seen by the quasi-linear rise of the signal in this region
in Figure 14, the anion yield-functions exhibit a typical
monotonic increase with the energy of the incoming free
electron, as a result of the excitation of neutral CH3SSCH3

molecules to a dissociative electronic excited state, whose
dissociation limit consists of the stable anions represented
in Figure 15 and the corresponding cation.

G. LEE Damage to Plasmid DNA

Boudaiffa et al. bombarded, with 3 eV to 1.5 keVelectrons,
pure dry samples of plasmid DNA films (Boudaiffa et al.,
2000a,b,c, 2002; Huels et al., submitted), which afterwards
were analyzed according to the procedure described in
Section IIC. By measuring the relative quantities of the
various forms of DNA in their 5-ML sample as a function
of exposure to 10, 30, and 50 eV electrons, these
authors measured the total effective cross-section (�4�
10�15 cm2) and effective range (�13 nm) for the destruc-
tion of supercoiledDNA, at these energies (Boudaiffa et al.,
2002). Such experiments also allowed Boudaiffa et al. to
delineate the regime under which the measured yields
were linear with electron exposure. It is within this re-
gime that the incident electron energy dependence of
damage to DNAwas recorded more continuously between
3 and 100 eV (Boudaiffa et al., 2000a,c; Huels et al.,
submitted). The most striking observations were that:
(1) these yields did not depend on the ionization cross-
section, and (2) below 15 eV, the yields varied considerably
with incident electron energy. Above 20 eV, the yields of
SSB and DSB did not exhibit any pronounced energy
variations, nor did they increase considerably with in-
creasing energy.

The incident-electron energy dependence for the
formation of at least one SSB and a DSB in supercoiled
DNA is shown in Figure 16. These curves were recorded in
the linear regime. Thus, each SSB or DSB represented in
Figure 16 is the result of a single-electron interaction. The
data indicate that LEE-induced damage is highly depen-
dent on the initial kinetic energy, particularly below 15 eV,
with thresholds near 3 to 5 eVand intense peaks near 10 eV.
These yield functions can be understood from the results of
the fragmentation induced by LEE to the various sub-units
of the DNAmolecule reported in this section, including its

FIGURE 15. Possible dissociation pathways (a–e) for stable anion
production after low-energy electron attachment to physisorbed DMDS.
All negative ions represented were observed to desorb under electron
bombardment ofDMDSfilms. (Reprintedwith permission fromAbdoul-
Carime, Cecchini, & Sanche [2002]. Copyright 2002 Radiation
Research.)
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structural water; as shown in this article, the incident-
electron energy dependence of the damage to elementary
constituents ofDNA, probed in the formof desorbed anions
and neutral species, exhibits strong variations due to
electron resonances. From comparison of the maxima in
the anion- and neutral-desorption yield-functions of these
DNA constituents to the DNA results, it becomes quite
obvious that the strong energy dependence of the DNA
strand breaks below 15 eV in Figure 16 can be attributed to
the initial formation of transient anions, decaying into the
DEA and/or dissociative electronic excitation channels
exemplified in Figure 4. However, because the basic DNA
components (i.e., the sugar and base units and structural
H2O) can all be fragmented via DEA between 5 and 13 eV,
it is not possible to unambiguously attribute SSBs and
DSBs to the initial dissociation of a specific component.
For example, the maximum in the SSB yield that lies near
8 eV is very close to the maximum in H�þOH production
fromH2O (Fig. 5), but the DNA bases also produce H� and
the corresponding radical with high efficiency near 9 eV
(Fig. 9). What appears to be more convincing is the
coincidence in the 10 eV peak in H� production in Figure 8

from tetrahydrofuran and its analogs, with that in the DSB
yield seen in Figure 16. This result is not surprising,
because two events are necessary to create a DSB, and the
probability for such breaks is likely to be larger when the
first hit results in a SSB (i.e., in a break on the sugar-
phosphate backbone). Another interesting aspect of the
DSB yield-curve is the absence of damage induced by
direct (non-resonant) electronic transitions. Indeed, the
two points in Figure 16 around 14 and 15 eV lie at the zero
baseline, indicating that, below �16 eV, DSB occurs
exclusively via the decay of transient anions. These ob-
servations suggest that, below �16 eV, DSB occurs via
molecular dissociation on one strand initiated by the decay
of a transient anion, followed by reaction of at least one
of the fragmentation products on the opposite strand
(Boudaiffa et al., 2000a,c). This hypothesis is further
supported by the observation of electron-initiated fragment
reactions (such as hydrogen abstraction, dissociative
charge-transfer, atom- and functional-group exchange,
and reactive scattering) that occur over distances compar-
able to the DNA double-strand diameter (�2 nm) in
condensed films that contain water or small linear and
cyclic hydrocarbons (Huels, Parenteau, & Sanche, 1997;
Bass et al., 1998; Sieger, Simpson, & Orlando, 1998).

Within cells, histones and the other chromosomal
proteins are in close contact with DNA. It is, therefore,
possible that the radicals produced from secondary LEE,
generated by high-energy radiation, may not only denature
proteins, as suggested by the results of the previous sub-
section, but may also induce reactions with nearby nucleic
acids and, therefore, damage DNA. Thus, in future ex-
periments, films composed of DNA and proteins should be
investigated in order to mimic more closely the action of
LEE in biological cells.

V. SUMMARY AND CONCLUSIONS

Recent results on the damage induced by low-energy
electrons to DNA, some of the basic constituents of DNA,
and protein subunits have been reviewed in this article. At
low energies, the incident-electron energy dependence of
the yield of anions desorbed from films of these con-
stituents (e.g., water ice, deoxyribo analogs, dimethyl
disulfate, and DNA bases) exhibits strong variations that
are typical of dissociative electron attachment to these
molecules. Above 12–15 eV, the monotonic increase with
energy in the desorbed anion yields is typical of non-
resonant dipolar dissociation. The latter process and
dissociative ionization can also lead to cation desorption
from electron-bombarded films—as shown for the case
of electron-stimulated desorption of protons from water-
ice films. Structures in the incident-electron energy
dependence of the yield of neutral radicals desorbed from

FIGURE 16. Measured yields, per incident electron of 3–20 eV, for the
induction of DSBs (a), SSBs (b), and loss of the supercoiled DNA form
(c) in dryDNAfilms. The error bars correspond to one standard deviation
from six measurements. (Reprinted with permission from Boudaiffa
et al., Science 287:1658–1660, 2000a. Copyright 2000 American
Association for the Advancement of Science.)
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solid H2O films and oligonucleotides chemisorbed on gold
can also be interpreted to arise from the dissociation of
transient anions or their decay into dissociative electronic
states. The results obtained with homo- and hetero-
oligonucleotides indicate that damage to short DNA
strands by 1–30 eV electrons is affected by base
substitution. The modification of induced damage is due
to the chemical nature of the bases, as well as to their
environment and/or sequence. These findings reinforce the
idea (Fuciarelli et al., 1994; Sy et al., 1997) that genomic
sensitivity to ionizing radiation depends on local genetic
information. Combined with the results on slow-electron
damage to DNA and its components, reviewed in this
article, these results further suggest that such a sensitivity
may arise, at least partially, from the specific action of
low-energy (3–30 eV) electrons that are generated in large
amounts by the primary ionizing particles.

In Section IVG, the results obtained with the basic
constituents of DNAwere compared to themeasured yields
per incident electron for the induction of SSB and DSB in
supercoiledDNAby the impact of 3–20 eVelectrons. Such
a comparison shows that, below 15 eV, the DNA damage
results principally from the formation of transient mole-
cular anions localized on the DNA’s basic components.
These transitory states arise from the fundamental electro-
dynamic and exchange forces that act between the electron
and a specific sub-unit of the DNA. Because of their
universality, these fundamental interactions are expected to
also operate in living cells. Thus, from a radiobiological
perspective, the results summarized in this article suggest
that the abundant low-energy secondary electrons, and
possibly their ionic and radical reaction products, play a
crucial role in the nascent stages of cellular DNA radiolysis
and may already induce substantial damage long before
their thermalization along ionizing radiation tracks.
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