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Beyond the Bragg Peak: Hyperthermal Heavy Ion Damage to DNA Components
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We have observed the destruction of fundamental building blocks of DNA (nucleoside, base, and sugar)
by hyperthermal (0:25–1:75 eV=amu) heavy ion impact. Nucleoside damage pathways include base or
sugar loss, and complete disintegration of either moiety. Sugar damage dominates, and in DNA will yield a
complex strand break. Our results suggest that (a) heavy particle damage to biological media may extend
to ion track ends beyond the Bragg peak, and (b) the nascent damage by hyperthermal secondary heavy
particles, formed along the primary ion tracks, may be equally complex.
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Proton, or heavy ion-beam cancer therapy is under rapid
development and has achieved significant clinical success
[1,2]. It differs from conventional high-energy electron and
photon (x- or �-ray) therapy in that it delivers radiation
doses up to an energy-dependent depth, with a maximum
dose density deposited at the ‘‘Bragg peak’’ shortly before
the track end; conversely, electrons or photons penetrate
the irradiated medium with near-exponentially decreasing
relative dose density [3,4], and cause high radiation doses
to be delivered to healthy tissue upon entrance. An en-
hancement of relative biological effectiveness (e.g., tumor
cell death) is also observed in the Bragg peak [3,4]. These
factors result in the two main advantages of tumor treat-
ment with ion beams: volume selectivity and high effi-
ciency for deep-seated tumors [5]. It is presently believed
that heavy ion irradiation causes DNA damage via similar
pathways as conventional ionizing radiation [6,7], involv-
ing mainly simple ionization, single bond cleavage, and
slow radical attack, but modulated by the different struc-
ture and higher ionization density of the ion track.

However, in addition to its unique dose distribution,
another significant difference between ion and conven-
tional radiotherapy should be noted: recent measurements
by Schlathölter et al. [8,9] have shown that along the
radiation track of a primary heavy particle (MeV range),
significant amounts of secondary atomic cations with hy-
perthermal energies up to several hundreds of eV can be
produced from DNA bases. Because the secondary ion
energy is much higher than that produced by conventional
ionizing radiation using electrons and photons, this sug-
gests that (a) the initial DNA damage created during ion
therapy will be different, and (b) the nascent DNA damage
by the secondary fragments will also involve more com-
plex mechanisms than simple ionization, and slow radical
reactions. In dense media, energetic secondary ions pro-
duced along the primary ion track will scatter inelastically
over short distances (several nm), and may induce complex
DNA damage clusters that cannot be repaired by the cell.

For similar reasons, DNA damage at the primary ion
track ends, i.e., at macroscopic distances beyond the Bragg
peak, is also of consequence, since it often involves dam-
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age to regions beyond the tumor volume, which likely
contain important healthy organs. Since at track ends the
remaining primary ion energy (several 100 eV) is also
deposited on nanometer scales, similar DNA damage clus-
ters as those induced by the secondary ions may result.
While the possibility of such potentially lethal DNA le-
sions is of great biological importance, the propensity of
either low energy secondary ions, or primary ion track
ends, to cause such damage is as of yet unknown, and is
thus neglected from radiation track calculations, or risk
estimates.

Here we report measurements of ion induced fragmen-
tation of fundamental DNA components in the condensed
phase at precisely such low ion energies in the 10–100 eV
range. The DNA components studied are thymidine (dT, a
fundamental base-sugar complex nucleoside), the DNA
base thymine (T), and 2-deoxy-D-ribose (dR, the funda-
mental sugar subunit of the sugar-phosphate backbone in
DNA). Our experiments reveal several specific, previously
unknown, pathways of ion induced DNA damage that
may occur during heavy particle irradiation of cells, and
that reach far beyond simple ionization, or single bond
cleavage.

The experiments were carried out on an ultra-high-
vacuum (UHV) ion-beam system at the Sherbrooke labo-
ratory, to be described in detail elsewhere. Briefly, the
system delivers a well focused, mass- and energy-resolved,
positive ion beam in the 1–500 eV energy range into a
UHV reaction chamber for sample irradiation. The mea-
sured energy spread of the cation beams used here is
�1 eV full width at half maximum over the entire ion
energy range. Beams of 20–30 nA Ar� ions, focused at
the target to a 2–4 mm spot, are used in the present
experiments. In the reaction chamber a quadrupole mass
spectrometer (QMS) is installed perpendicularly to the ion-
beam axis to monitor desorbing positive and negative ions
during primary ion impact. The QMS measures desorbed
ions with in vacuo energies between 0 and 5 eV. During
experiments, the sample surface is oriented at 30� with
respect to the incident ion-beam axis, and at 60� relative to
the QMS. Multilayer films of DNA components are pre-
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pared by in vacuo evaporation onto an electrically isolated,
atomically clean polycrystalline Pt substrate, held on a
manipulator at room temperature (16–22 �C). Film depo-
sition rates are monitored in situ in a load-lock chamber by
a quartz crystal microbalance, and are calibrated to within
5 ng=cm2. Here we use films of 200 ng=cm2, which cor-
responds to about 4–5 nominal monolayers (MLs) for
either compounds, which are evaporated at 130–140 �C
(dT), 90–110 �C (T) and 45–50 �C (dR). All compounds
(Sigma Aldrich) are 99.5% pure, verified for dT by high-
pressure liquid chromatography. dT and T are also purified
in the load lock by degassing at 35–40 �C. The Pt substrate
is cleaned by flash heating to 1000 �C, followed by 200 eV
Ar� SIMS, prior to each film deposition.

Figure 1 shows the ion stimulated desorption (ISD) mass
spectra along with the chemical composition of positive
and negative ions desorbing from films of (a) thymine (T),
(b) 2-deoxy-D-ribose (dR) and (c) thymidine (dT) during
100 eV (2:5 eV=amu) Ar� ion irradiation. The chemical
identification of the fragments of thymine is achieved by
measuring and comparing mass spectra of thymine and
thymine-methyl-d3-6-d [10]. Notably, the most abundant
cation fragment at 28 amu is assigned uniquely to an
HNCH� ion, originating exclusively from bond cleavage
at the N1-C6 site of thymine, rather than a CO� ion. The
fragments of 2-deoxy-D-ribose are identified in the present
experiments by measuring and comparing ISD mass spec-
tra of 2-deoxy-D-ribose, D-ribose, and isotope-labeled D-
ribose (5-13C and 1D D-ribose, Cambridge isotopes, 99%
isotopic purity).

The identification of thymidine fragments is therefore
accomplished by comparison with those of thymine and
2-deoxy-D-ribose. Overall, the cation mass spectrum below
80 amu is similar to that of 2-deoxy-D-ribose, except for
the increase in relative intensity of the 28, 54, and 55 amu
peaks which are attributed to the HNCH�, HNC3H3

� (or
NC3H4

�), and HNC3H4
� fragments of thymine. It thus
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appears that in the basic nucleoside thymidine, most of the
low mass cation fragments originate from the sugar moiety.
Note particularly the formation of H3O� ions. Above
80 amu, the two fragments at 127 amu and 110 amu are
assigned to �T� H�� and �T-O��, respectively. The frag-
ment at 117 amu is the whole sugar moiety of thymidine
and is labeled here as �dR-OH��. Note that the fragments
�T� H�� and �dR-OH�� are indicative of release of the
whole base or sugar moiety. The negative ion fragments of
thymidine can be attributed mainly to the fragmentation of
either the base (CN�, OCN�), or the sugar moiety (OH�,
hydrocarbon anions) or both (H�, O�).

Figure 2 shows the relative desorption yields of the
major cation fragments from thymidine films as a function
of incident Ar� energy, from which the fragment desorp-
tion energy thresholds are derived. The desorption energy
thresholds of the major positive and negative ion fragments
are summarized in Table I. Fragment desorption occurs at
energy thresholds down to about 10 eV (0:25 eV=amu)
with anion fragments desorbing at higher energies than
cation fragments. The detailed ISD dynamics is discussed
elsewhere in the case of thymine [11]. In ISD experiments
on dielectric solids, fragment ions must possess sufficient
kinetic energy to overcome the about 1–1.5 eV charge
induced polarization barrier at the surface of the film
[12]. As a consequence, molecular damage in the film is
likely to continue at energies somewhat below the present
desorption thresholds, yielding, however, ionic fragments
with kinetic energies insufficient for desorption from the
film.

In the following, we highlight the radiobiological rele-
vance of several specific fragments induced here by hyper-
thermal ion impact to thymidine. �T� H�� and �dR-OH��

fragments are indicative of glycosidic bond cleavage of
thymidine, as is the �T-O�� fragment, which is also asso-
ciated with C � O bond scission. The release of thymine
and other nonmodified bases via glycosidic bond cleavage
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FIG. 1. Cation and anion (insets) de-
sorption mass spectra produced by
100 eV Ar� impact on films of
(a) thymine (T), (b) 2-deoxy-D-ribose
(dR), and (c) thymidine (dT); each film
is about 4 nominal monolayers (4 ML �
200 ng=cm2) on a Pt substrate.
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FIG. 2. Desorption energy thresholds for cation fragments
produced by Ar� impact on thymidine films (4 ML). The relative
ion yields are normalized in intensity at 70 eV. The inset shows a
close-up for H3O� and CH3O�.
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is an important pathway of DNA damage (base loss) as a
consequence of exposure to conventional ionizing radia-
tion [13,14]. This damage has been attributed to the chemi-
cal oxidation of DNA [15–17] and low energy secondary
electron attachment [18]. The present results suggest that
primary or secondary ions with energy down to 15 eV can
also cause damage to DNA via glycosidic bond cleavage. It
proceeds most likely via a close interaction between an
incident cation and the carbon or nitrogen atom of the
glycosidic bond, which ionizes and excites the molecule
via localized charge exchange and ultimately breaks the
chemical bond. In this respect, the �dR-OH�� fragment
can be a result of direct glycosidic bond cleavage, whereas
the formation of �T� H�� fragments from thymidine re-
quires the abstraction of two hydrogen atoms by the initial
�T� H�� from its surrounding medium.

The formation of H3O� ions is another clear evidence of
H abstraction from thymidine (and 2-deoxy-D-ribose) by
hydroxyl cations originating from the sugar moiety. H loss
is also an important pathway of DNA damage during
exposure to conventional ionizing radiation [13,19,20].
For example, a radiolytic H radical can abstract H atoms
TABLE I. Desorption energy thresholds (DETs) in eV
(eV=amu) for the major ion fragments produced by Ar� ion
impact on thymidine films. The experimental uncertainty in the
threshold values is	2 eV, except for those marked with asterisk
(� 5=� 2 eV).

DET in eV
(eV=amu) Fragments

10 (0.25) H3O�, CH3O�, C2H5O�, C2H3O�

15 (0.38) CHO�, C2HO�, �dR-OH��*, �T-O��*, �T� H��


20 (0.5) CH3
�, C2H3

�, C3H3
�, HNCH�, H�, OH�

35 (0.88) O�, CN�, OCN�
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to form unscavengable H2 products [13], and secondary
electron attachment can selectively eliminate N-bound
hydrogen from the bases [19,20]. H abstraction by radio-
lytic OH radicals was also observed with low rate constants
[13]. Here, however, primary ion impact leads to formation
of OH� (from the sugar moiety in thymidine) which ab-
stracts two other hydrogen atoms from its parent or adja-
cent thymidine [21]. The formation of H2DO� ions during
Ar� ion irradiation of 1D D-ribose suggests abstraction of
H specifically from the C1 atom site. The abundant H3O�

ion yield also suggests a high efficiency of H abstraction.
This may result from the high mobility of the OH� frag-
ment obtained from the ion impact, as well as its high
reactivity. H abstraction by ionic fragments is probably
driven by their affinity for hydrogen to yield thermody-
namically more stable final products. In the case of �T�
H�� formation, it is demonstrated by the formation of
abundant T� ions during 70 eV electron impact of gas
phase thymine (no access to hydrogen) [10] and its com-
plete conversion into �T� H�� ions during ion impact on
condensed phase thymine [Fig. 1(a)] [10,11].

Furthermore, ion impact also results in severe fragmen-
tation of both the sugar moiety and the base at energies
down to 10 eV. This is quite different from the effects of
conventional radiation (x or � rays) which mainly involve
simple ionization or single bond cleavage. Here, the
HNCH� and HNC3H4

� fragments involve the N1 atom
of thymine and are indicative of base loss via complete
base fragmentation. However, fragmentation of the sugar
moiety is more severe than that of the base. Use of isotope-
labeled D-ribose reveals that all the chemical bonds of the
sugar moiety are fragile under 10–30 eV Ar� ion impact.
In addition,�52% of the C2H3

�,�18% of the CHO�, and
�33% of the CH3O� sugar fragments involve the C5
position of the sugar (as observed here by use of 5-13C
substituted D-ribose), which in DNA will constitute a
complex strand break involving multiple bond rupture, as
opposed to ‘‘frank’’ strand breaks involving single bond
cleavage. While the latter may be easily repaired in DNA,
the former are likely not. Given the abundant fragment
species originating from the sugar moiety shown in Fig. 1,
their high desorption yields and low desorption energy
thresholds, fragmentation of the sugar appears to be an
important pathway of heavy ion damage to thymidine. In
other words, in ion irradiated DNA the sugar backbone is
likely to be more fragile than the nucleic acid base.

Recent studies on high-energy ion interactions with gas
phase biomolecules have shown that secondary ions (sin-
gly or multiply charged) with energies up to several hun-
dred electron volts will be produced along radiation tracks
[8,9]. In the present study, the abundant and efficient
fragmentation pathways of DNA components by ion im-
pact at comparable (or lower) secondary ion energies
suggest that even the secondary ions can induce further
damage to DNA, which is supported by the observation of
single and double strand breaks in double stranded DNA
1-3
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induced by 100 eV Ar� ion impact [22]. This damage
will be highly clustered, involve multiple bond breaks,
and will be hard to repair. The primary ions can continue
to induce complex localized damage clusters at the final
track ends, even at energies near 0:25 eV=amu (here,
10 eV for Ar�). Hence, DNA damage at the Bragg peak
itself, and more importantly at track ends beyond the Bragg
peak, is likely more complex than traditionally assumed. In
combination with the unique dose distribution of heavy
particle irradiation, which suggests the production of abun-
dant secondary ions in the Bragg peak, the primary as well
as secondary ion induced damage may thus account for the
enhancement of relative biological effectiveness of heavy
ion radiation.

While present global models of cellular radiolysis do not
include effects of hyperthermal secondary ions, or individ-
ual primary ion track ends, our results show that they may
be significant, and should be accounted for in dose models
or radiation risk estimates. Heavy particle beams contain a
statistical distribution of many individual ion Bragg peaks
with certain range straggling of (usually several mm [23])
superimposed in the tumor volume, while the distance
from the beam’s Bragg peak maximum to its track
(beam) end can be several tens of mm [4]. Thus, at the
very track ends of individual ions, or in the low dose region
beyond the beam’s Bragg peak, significant damage to DNA
may also occur, and may lead to subtle and unexpected
changes to the genome.

In summary, we have studied the fragmentation of im-
portant DNA building blocks (thymidine, thymine, and
2-deoxy-D-ribose) induced by hyperthermal heavy ion ir-
radiation. Use of isotope-labeled molecules reveals the site
specificity of the dominant fragments. Heavy ion impact on
thymidine, even below 1 eV=amu, leads to the release of
the whole base, the sugar moiety, and the desorption of
abundant low mass ring fragments from both. However, the
sugar moiety in thymidine is significantly more sensitive to
hyperthermal ion attack than the base. Some of the reactive
fragments can abstract hydrogens from adjacent thymidine
to desorb as protonated fragments. Our results suggest
several specific pathways of DNA damage by primary
ion impact, including complex strand breaks at the sugar
backbone, that may occur during heavy particle radiother-
apy of tumors, particularly given the abundant energetic
secondary ions produced therein. Our results suggest that
nascent DNA damage mechanisms by ion tracks reach far
beyond conventional models of simple ionization, single
bond cleavage, or slow radical damage. This challenges the
traditional views that (a) DNA damage by heavy ion tracks
involves similar nascent transients and damage pathways
as those initiated by conventional (�- or x-ray) radiation
tracks, and (b) that the higher relative biological effective-
ness of ion tracks is determined mainly by the different
structure and higher ionization density of the ion track
compared to conventional radiation tracks.
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