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Abstract. Proton collision with chemical analogs for the base, the sugar and the phosphor residue of the
DNA, namely pyrimidine, tetrahydrofuran and trimethyl phosphate, respectively, has been investigated.
The impact energies ranged from 300 keV up to 16 MeV. For the first time, relative fragmentation cross-
sections for proton impact are reported for tetrahydrofuran and trimethyl phosphate; previously reported
cross sections for pyrimidine are extended for energies beyond 2500 keV. Ionization of tetrahydrofuran
leads to a ring break in about 80% of all events, trimethyl phosphate predominantly fragments by bond
cleavage to one of the three methyl-groups and for pyrimidine the parent ion has the highest abundance.
Such comparison supports earlier findings that the sugar is the weak spot for strand breaks.

1 Introduction

Ion-molecule interactions have been studied for many
years. With the increasing use of proton and carbon ions
in cancer treatment, interaction of ions with molecules
from biological tissue was shifted into focus [1–5]. In these
radiotherapy modalities, treatment planning is not only
based on the conventional dosimetric quantity, namely, the
absorbed dose to water. An additional weighting factor is
employed to account for the enhanced relative biological
effectiveness (RBE) of ions compared to high-energy pho-
tons. RBE is related to the particle track structure, i.e. the
microscopic spatial distribution of ionizations and energy
transfers. The European project “Biologically weighted
quantities in radiotherapy (BioQuaRT)” [6] aims at de-
veloping measurement and simulation techniques for de-
termining the physical properties of ionizing particle track
structure on different length scales. By using the newly de-
veloped track structure simulation tool and the outcomes
of dedicated radiobiological experiments on an ion mi-
crobeam, it investigates up to the cellular level how these
track structure characteristics correlate with the biologi-
cal effects of radiation. In the scope of this simulation tool,
fragmentation cross sections of DNA constituents are used
as they not only give a measure of the ionization proba-
bility but also indicate whether the ionization leads to a
strand break and what kind of radicals are created.

To investigate DNA constituents, small molecules with
structural similarities, that can easily be put into the
gas-phase without decomposition, were chosen. As chem-
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Fig. 1. Sketch of a segment of the DNA with the four bases
highlighted [7]. On the right side, the three investigated chem-
ical analogs are arranged in the same manner for comparison.

ical analogs for the base, the sugar and the phosphor
residue of the DNA pyrimidine, tetrahydrofuran (THF)
and trimethyl phosphate (TMP), respectively, were used
(Fig. 1).

Pyrimidine (C4H4N2) is an aromatic heterocyclic or-
ganic compound, containing four carbon atoms and two
nitrogen atoms at positions 1 and 3 in the ring. The
molecule is the building block of three types of nucleo-
bases: cytosine, thymine, and uracil.

Tetrahydrofuran ((CH2)4O) is a cyclic ether with
one oxygen atom and four (CH2) molecules in the five-
membered ring. The ring is a constituent of deoxyribose
in furanose form. In nucleotides, it provides bonds to the
phosphate groups and a nucleobase at C(3) and C(4), and
C(1), respectively. Bond breaks at deoxyribose were found
to be a key intermediate in producing strand breaks, which
are the most severe form of lesion in radiation damage to
DNA [8,9].

Trimethyl phosphate (C3H9PO4) is the trimethyl ester
of phosphoric acid with the hydrogen atoms replaced by
methyl groups. Similarly, the phosphate group in the DNA
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forms phosphodiester bonds to the aforementioned carbon
atoms in the deoxyribose of two neighboring nucleotides
to build up the DNA backbone.

In this work, relative fragmentation cross sections for
proton impact energies from 300 keV up to 16 MeV are
presented. Measurements in the Bragg peak region, i.e.
proton energies around 100 keV for tissue-equivalent ma-
terial, have recently accomplished and will be discussed
in a subsequent paper. Experiments on larger building
blocks of the DNA are planned. After parametrization,
the cross sections will be used in the GEANT4-DNA sim-
ulation tool [10].

The paper is structured as follows. In Section 2 the ex-
perimental procedure and data analysis is described. Sec-
tion 3 presents results. Finally, in Section 4, the conclu-
sions are drawn.

2 Experimental procedure

The experimental setup was built by A. Arndt to study
fragmentation cross-sections of small bio-molecules by
electron impact. For the presented measurements, it was
then adapted for the use with ion beams.

2.1 Sample injection

The gas target was introduced into the interaction zone
by means of a supersonic gas-jet. It provides a dense,
well localized, and internally cold gas target. The upper
part of Figure 2 shows a sketch of the reservoir, noz-
zle and skimmer. Following the design used for momen-
tum spectroscopy [11], the target gas at pressures of up
to 10 bar (here, about 2 bar) expands through a gas noz-
zle with 30 μm diameter into a vacuum chamber, which
is equipped with turbomolecular pumps of high pumping
speed to achieve pressures of 10−3 mbar at load. In the
ideal case of an adiabatic isochore expansion of an ideal
gas, the internal energy and the compressional energy are
converted to kinetic energy of the gas atoms, which are,
thus, reaching a supersonic speed. In practice, the region
of supersonic flow is limited to the so called “zone of si-
lence” downstream of the nozzle. A conically formed aper-
ture (called “skimmer”) of 200 μm diameter, is placed in-
side the zone so that only the dense, internally cold part
of the gas jet is entering the high-vacuum experimental
chamber.

To investigate liquid samples, a manifold for mixing
the liquid and a seeding gas (helium) was designed. The
gas pressure of the seeding gas was used to push the liq-
uid into a reservoir mounted in front of the nozzle. Be-
cause pyrimidine and trimethyl phosphate reacted with
the cupreous reservoir, a gold coating was galvanically
added. The seeding gas had separate lines into the reser-
voir, so that the liquid level and pressure could be con-
trolled. To increase the vapor pressure of the liquid and
avoid clustering, the reservoir was heated to 140 ◦C for
THF and 180 ◦C for pyrimidine.

Fig. 2. Above: sketch of the heatable target mixing reservoir,
gas nozzle and jet skimmer. Below: drawing of the crossed-
beam experiment indicating the gas pressure in the nozzle and
vacuum conditions in the expansion-, the interaction- and the
spectrometer-chamber. The ion beam current was measured in
the Faraday cup, fragment cations were detected in the time-
of-flight mass spectrometer.

For the initial experiments, an electron gun was
mounted as close as possible to the interaction zone. A
dense and well localized gas jet was needed for the spec-
trometer, while at the same time a high vacuum environ-
ment was required for the stable operation of the electron
beam. For the ion beam experiments, the vacuum require-
ments were less. In fact, in the second week of beamtime
the supersonic jet was unusable when the skimmer got
loose after an accidental venting, so that the experimen-
tal chamber had to be flooded with the target gas (TMP)
to finish the measurements.

The lower part of Figure 2 displays a CAD drawing of
the crossed-beam experiment indicating the vacuum con-
ditions along the target jet. The Helmholtz coils were re-
quired for active suppression of the earth magnetic field
during electron beam experiments but have not been used
for the ion beam measurements.

2.2 Ion detection

A commercial time-of-flight mass spectrometer in reflec-
tron design was used (Mini-TOF-MS by Kore Technolo-
gies, Ltd.). It extracts the fragment ions from the inter-
action volume with a voltage pulse of –350 V through
a 4 mm entrance aperture. The spectrometer chamber is
separately pumped to guarantee a high-vacuum environ-
ment for the detector (between 10−8 mbar and 10−6 mbar)
when the experimental chamber is operated with sample
gas (between 10−6 mbar and 10−4 mbar). The fragment
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ions are focused by an electrostatic lens, accelerated to
−2 kV and deflected into an array of electrodes, where
the applied voltage increases from –2 kV to 0 V to reflect
the ions towards the detector. The ion detector is a dis-
crete dynode electron multiplier detector (ETP AF824 by
Scientific Instrument Services, Inc.).

The ion optics can be adjusted for focusing a extended
interaction zone. A SimIon8 [12] ion-trajectory simula-
tion with ion-beam size and spectrometer parameters as
used in the experiment showed that the area seen by the
detector was of maximum 3 mm in diameter parallel to
the entrance aperture. This area is lager than the esti-
mated 1 mm size of the supersonic gas jet in the interac-
tion zone, but in the case of the TMP-flooded chamber the
interaction zone is larger and extending along the whole
primary ion beam. The simulation also confirmed that the
position of the primary ion beam relates to a time-of-flight
offset and its width to the peak-width of all masses in the
time-of-flight spectrum.

The reflectron design focuses ions of different kinetic
energy onto the detector which increases the time-of-flight
resolution. For kinetic energies above two times the ther-
mal energy (2 × 25 meV), the transmission is reduced,
which is a common behavior for this kind of spectrom-
eter design [13]. For ion-neutral fragmentation, the ki-
netic energy release usually is in the range of only 1 meV
to 50 meV [14]. An (e, 2e + ion) study on THF in particu-
lar found maximum KERs below 50 meV for all fragments.
At such energies, the transmission for hydrogen was sim-
ulated to be 20% due to its high velocity even at low ki-
netic energies, but starting from 20 amu the transmission
is close to 100% for fragments originating from ion-neutral
fragmentation. Higher kinetic energies occur in Coulomb
explosions upon multiple ionization. In ion-molecule col-
lisions multiple ionization is enhanced by charge transfer
processes. E.g., for collision of alpha particles with amino
acids [15] or carbon ions with thymine [16], kinetic ener-
gies in the order of 5 eV were found and the energy was
increasing with the charge state of the carbon projectile.
While charge transfer plays an important role in ionization
by carbon ions [17], it was experimentally found to have
little impact for the ionization by protons [18]. Recent the-
oretical work quantifies that the charge transfer cross sec-
tion for pyrimidine nucleobases in collisions of C4+ is four
orders of magnitude higher than in collisions with protons
(controversially, it would be lower in the case of deoxyri-
bose) [19]. Regarding an estimate of Coulomb explosions,
single ionization was reported to be 50 times more likely
than double ionization for a 100 keV proton beam im-
pacting on H2O [20]. Thus, we do not expect significant
contributions from high-KER Coulomb explosions in our
proton beam experiment and we assume the spectrometer
transmission to be constant for all relevant fragments.

The signal of the electron multiplier is decoupled
in a comparator circuit and digitized by a discrimina-
tor within the pre-amplifier. In this ion-counting mode,
mass-dependent amplification stemming from velocity-
dependent detector signal amplitudes is suppressed. Fi-
nally, the time-of-flight spectrum is obtained from a 4 GHz

time-to-digital converter. This corresponds to a 0.25 ns
time resolution.

The peak-width in a time-of-flight spectrum changes
with the m/q ratio. To compare fragments for different
proton energies, the integration interval was adjusted for
peaks of varying m/q ratio. For TMP, a group of six neigh-
boring mass peaks was integrated. Because the ion beam
was not pulsed, a small number of ion-fragments was cre-
ated during the 2 μs extraction pulse of the spectrome-
ter, which resulted in a horizontal tail behind large mass
peaks. For subsequent mass peaks, this tail was equal to a
baseline shift, which was subtracted for each mass peak.

2.3 Ion beam

The experiment was carried out at beamline two of the
PTB ion accelerator facility [21]. Two different kinds of
accelerators are available, namely, a Van de Graaff ac-
celerator with voltages between 0.3 MeV and 3.74 MeV,
and an energy-variable cyclotron providing ion beams with
energies up to 27 MeV. Ion energies between 0.3 MeV
and 3 MeV have been measured using the Van de Graaff
accelerator, data for 9.5 MeV and 16 MeV ions were
taken using the cyclotron. The accuracy of the ion en-
ergy is ±1 keV for the Van de Graaff accelerator [22] and
±15 keV for the cyclotron.

The beamline and the experimental chamber were sep-
arated by a differential pumping stage to prevent leakage
of target gas into the ultra high vacuum of the beam-
line. Additionally, a sequence of three isolated tantalum
apertures with diameters of 5 mm, 3 mm and 5 mm and a
separation of 10 mm were mounted inside. The inner aper-
ture was connected to an electrometer to read the current
of the incident ion beam and the outer, larger apertures
were biased to –300 V to suppress electron emission from
impact ionization, which lead to an overestimation of the
measured ion current. The ion optics were adjusted max-
imizing the ion current in a Faraday cup mounted down-
stream of the experimental chamber while minimizing the
ion current at the aperture. At energies lower than 1 MeV
the available focusing optics are less effective and the ion
beam becomes wider, which was observed in the current
ratio from Faraday cup and aperture. A beam profile mon-
itor was not used at that time so that a more detailed char-
acterization is unavailable. We can, however, get a rough
estimate of the beam width from the pulse shape of the
time-of-flight peaks (see Sect. 3.2). After the beamtime
the pulse-width and shape was compared to the standard
values and several mass spectra at low energies had to
be disregarded. The Bragg peak energies around 100 keV,
that were measured with a different accelerator, will be
discussed in a follow-up paper.

For the first measurement, a 420 keV proton beam on
tetrahydrofuran, the beam current was limited to 100 nA,
afterward it was increased to about 500 nA for all measure-
ments with the Van de Graaff accelerator. The cyclotron
delivered about 150 nA for proton beams.
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Fig. 3. Mass spectrum of tetrahydrofuran in percentage ratio to the most intense mass of 42 amu. Data for 420 keV proton
energy are compared with electron impact mass spectra by Gallegos (70 eV) [23], Collin (50 eV) [24], Dampc (140 eV) [25], the
massbank.jp [26] and NIST [27].

3 Results and discussion

3.1 Tetrahydrofuran

Ionization due to proton collision leads to the THF parent
C4H8O+ cation and formation of cation fragments. The
mass spectrum of THF cations for 420 keV proton impact
together with assignments of the mass peaks in percentage
ratio to the most intense mass of 42 amu is displayed Fig-
ure 3. The relative fragmentation cross sections are shown
in Figure 4 for energies of 420 keV and 9.5 MeV. The cross
sections are normalized to the sum of all displayed frag-
ments. For clarity, only the most abundant fragments are
displayed.

Four distinct groups occur in the mass spectrum: in
the mass ranges 14–18 amu, 26–32 amu, 36–48 amu and
around 72 amu. Masses in the range 46–62 amu have
been reported for electron impact with low abundance
below 0.6% relative intensities [25] which are not re-
solved here. To emphasize the main fragments, the fol-
lowing cations are not displayed in Figure 3: the hydrogen
(1 amu) peak is suppressed due to poor transmission of
fast light ions; a peak at 4 amu stems from the helium
carrier gas, peaks larger than 73 amu from small pyrimi-
dine or TMP contamination.

Clustering is well known to appear in supersonic gas
jets, when the gas target is cooled down by the expan-
sion and interaction with the carrier gas [28]. The dimer
at 144 amu, is the most abundant cluster of THF at
common parameters [29]. The supersonic gas jet used by
Ren is very similar to ours, but run at room tempera-
ture whereas we heated the THF reservoir to 140 ◦C.
The extended mass spectrum of Ren’s publication [30] in-
deed shows a 5% contribution around 144 amu, but in our
mass spectra we could not find any dimer. Note, that we
are comparing mass spectra of low-energy electron-impact
and high-energy proton-impact, so that not all differences
are due to cluster formation. A general feature, however,
can be attributed to the dissociation of the dimer: with
the 5% cluster contribution the mass group around the
parent ion (72 amu) is about one third higher and the

Fig. 4. Relative fragmentation cross section of the most abun-
dant tetrahydrofuran fragments versus proton beam energy.
The cross sections are normalized to the sum of all displayed
fragments.

mass group around the main fragment (42 amu) about one
third lower than in our spectra. Apparently, dissociative
ionization of the dimer will most likely yield a parent ion
or the 114 amu fragment (the dimer minus the 30 amu
fragment of the main dissociation channel). Dissociative
ionization of the monomer, however, will most likely yield
the main fragment (42 amu). The dominating fragment
has a mass of 42 amu, followed by the 41 amu fragment.
Mass 42 amu can appear in two different dissociation
channels. Cleavage of the O-C(4) and C(1)-C(2) bonds
leads to the fragments cyclopropane C3H+

6 (42 amu) and
formaldehyde CH2O (30 amu), cleavage of the C(1)-C(2)
and C(3)-C(4) bonds to ethenone C2H2O+ (42 amu) and
ethane C2H6 (30 amu). In an electron impact experiment
with variable delays between ionization and ion extrac-
tion we previously found that the dissociation channels
can be distinguished by the kinetic energy release (un-
published, paper in preparation). Kinetic energies of dif-
ferent mass peaks have been discussed by Ren [30] but
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competing dissociation channels hidden in one mass peak
are not resolved in their work. From calculation of the
standard enthalpy of formation, Collin attributes mass 42
to C3H+

6 [24], after Gallegos found C2H2O+ to be more
likely [23]. More recently, Scala argues that cyclic ethers
predominantly react via breakage of the C-O σ-bond form-
ing an intermediate oxy-tetramethylene diradical which
then further decomposes by cleavage processes involving
the C-H and C-C bonds [31]. Accordingly, mass 42 is at-
tributed to C3H+

6 rather than C2H2O+. In case of hydro-
gen migration to the neutral fragmentation partner or sub-
sequent hydrogen loss, mass 41 amu, 40 amu or 39 amu will
be detected. If hydrogen atoms migrate from the 30 amu
fragments before the breakup, mass 43 amu and 44 amu
can be detected. Further fragmentation of the neutral frag-
ments, such as the formation of CO and H2 from CH2O
cannot be excluded. About 60% of all ion fragments be-
long to the group between mass 39 amu and 44 amu. Its
dissociation partner (26 amu to 31 amu) carries the charge
much less often and is found in 15% of all ionizing events.

The parent C4H8O+ ion has mass 72 amu and 71 amu
after hydrogen loss. Both result from ionization of the
highest occupied molecular orbital (HOMO) of THF,
while ionization of lower lying orbitals will lead to frag-
mentation and, thus, lighter fragments [30]. Because the
ratio of the ionization cross sections for the HOMO and
the total ionization cross section is almost constant over
the measured projectile energy range, a constant yield
of 72 amu and 71 amu over the energy range is expected.

Recently, Wasowicz presented luminescence spectra for
excited neutral THF fragments after H+, C+, and O+ col-
lisions [32]. Apart from this study, no data were reported
previously on cationic interactions with THF. Thus, we
compare our data to spectra for electron collisions with
electron impact above all appearance energies. The most
notable discrepancy among mass spectra for electron col-
lisions was the appearance of mass peak around 55 amu,
that was reported by Fuss [33] and Ren [30], but could
not be observed by Gallegos [23], Collin [24], Dampc [25],
the massbank.jp [26] and NIST [27]. The formation of
that mass peak requires the simultaneous breakage of two
C-O bonds, which is energetically unfavorable [31]. Be-
cause electron-energy, spectrometer transmission or cation
lifetime cannot explain the discrepancy among mass spec-
tra, we attribute it to contamination or strong clustering
in the gas target. In Figure 3, mass spectra for proton
energies of 420 keV are compared to the literature ex-
cluding Fuss [33] and Ren [30]. The mass peak at 42 amu
is normalized to 100% in all spectra. The mass spectra
for electron and for ion collisions are generally in good
agreement. For 420 keV proton impact, corresponding to
about 4 Bohr velocities, more intense fragmentation and
hydrogen migration is observed compared to electron im-
pact. For pyrimidine, it was discussed that the energy
transferred to some deeper molecular orbitals decreases
with the electron energy while it increases for protons,
that have their cross section maximum at lower energies
(at about 100 keV) [34]. Charge transfer would lead to
even stronger fragmentation for multiple charged cation

projectiles [16], but for singly charged ions, especially for
protons, the charge transfer cross section is low [18,35].

A recent theoretical study on deoxyribose (C5H10O4)
in the furanose conformation has shown that the first frag-
mentation step involves the breaking of the C-O bond in
the ring but also breaking of the CH2OH chain [9]. Exper-
imental work confirm that the most abundant fragments
are grouped around the oxygen and the carbon monox-
ide peak due to the break up between such hydroxyl or
carbonyl groups and the ring [36]. The next most abun-
dant fragment has mass 42 amu, which is attributed to
cleavage of the furanose ring indicating that the same dis-
sociation processes appear as for THF. Thus, it sould be
noted that the model analog THF is limited to describe
the fragmentation of the deoxyribose ring.

3.2 Pyrimidine

The mass spectrum of the pyrimidine parent and frag-
ment cations for 1.55 MeV proton impact together with
assignments of the mass peaks in percentage ratio to the
most intense mass of 80 amu is displayed in Figure 5. The
data is compared to references [27,37,38]. In order to allow
comparison to data by Wolff [34] the mass peak 79 amu
from hydrogen loss and the isotopic mass peak 81 amu
are added to the mass peak at 80 amu. The relative frag-
mentation cross sections are shown in Figure 6 for ener-
gies between 300 keV and 16.1 MeV. Between 125 keV
and 2.5 MeV, fragmentation data for proton impact by
Wolff [34] are added to the graph. The cross sections are
normalized to the sum of all displayed fragments. As in
Wolff et al., only the most abundant fragments are dis-
played. For the two highest energies, which were taken at
the very end of the measurement campaign, a contami-
nation of pyrimidine with THF (approximately 10%) and
vice versa was observed. For pyrimidine, the THF spec-
trum was scaled to the contaminating THF parent-ion
peak in the pyrimidine spectrum and then subtracted from
that spectrum; for THF vice versa. Given that no chemical
reaction took place, the contamination can be neglected
as there are only few common fragments of small yield for
pyrimidine and THF.

The mass spectrum in Figure 5 shows distinct groups
corresponding to the number of carbon and nitrogen
atoms withing the fragment cation. The non-fragmented
ring C4H4N+

2 at 80 amu dominates the spectrum. The loss
of one carbon or nitrogen atom would result in a mass
group around 68 amu. As in previously reported studies
on electron- [38–40], proton- [34] and photon-induced frag-
mentation [37,41], this group was absent in our spectra.

The lighter fragment ions build a group around 53 amu
(C3H3N+), which is formed when the parent ion looses a
HCN molecule. The loss of HCN moieties, which is ther-
modynamic stable, was reported to be a general feature in
fragmentation processes of nitrogen heterocycles [37,42].
Mass 54 amu is assigned to the HCN fragment includ-
ing the 13C or 15N isotope. Our data show a higher ra-
tio than expected from the combined 3.9% isotopic abun-
dance, probably because the contribution from the tail
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Fig. 5. Mass spectrum of pyrimidine in percentage ratio to the most intense mass of 80 amu. Data for proton energy of
1.55 MeV are compared with the proton impact mass spectrum of Wolff (1.5 MeV) [34], the electron impact mass spectra
of Linert (140 eV) [38], NIST [27] and of Wolff (400 eV) [34], and the photo-fragmentation mass spectrum of Vall-llosera
(15.7 eV) [37].

Fig. 6. Relative fragmentation cross section of the most abun-
dant pyrimidine fragments versus proton beam energy. The
cross sections are normalized to the sum of all displayed
fragments. Data points marked by squares are taken from
Wolff [34].

of the 53 amu peak was not fully subtracted. The three
lighter cations, 50, 51 and 52 amu form via hydrogen loss.

The mass peak at 39 amu is about an order of mag-
nitude smaller than for THF. For THF, it was assigned
to C3H+

3 following hydrogen loss from the dominating
fragment C3H+

6 . For pyrimidine, C3H+
3 can be created by

breakup of the two C-N bonds. The breakup of one C-N
and one C-C bond could also lead to a cation of 39 amu
(C2HN+), but was calculated to be energetically less
favourable [37].

The second most abundant cation is found at
mass 26 amu. After C3H3N+ (53 amu) is formed by HCN
loss, an additional HCN loss will form the acetylene cation
C2H+

2 (26 amu) [42]. The 27 amu peak can be either
assigned to protonated acetylene C2H+

3 or HCN+ stem-
ming from the main breakup channel. If hydrogen migra-
tion onto this fragment occurs during the dissociation, the
C2H+

4 or HCNH+ (28 amu) is formed.

The abundance of the carbon ion, C+ (12 amu) and
CH+ (13 amu), is even lower than in literature, possibly
due to reduced spectrometer transmission for fast light
ions. The mass peak at 18 amu is due to water contami-
nation in the hygroscopic pyrimidine.

In Figure 5, mass spectra for low energy electron-
impact (estimated 70 eV for NIST [27] and 140 eV for
Linnert [38], corresponding to a velocity of about 3vBohr),
for photon-induced fragmentation (15.7 eV [37]) and
proton-impact (1.5 MeV [34], about 7.5vBohr) are com-
pared. In comparison to the standard energies in electron-
driven mass spectrometer, ion impact leads to a higher ra-
tio of the fragment cations. However, compared to higher
electron energies (400 eV, i.e. about 5.5vBohr [34]), the
fragmentation pattern becomes very similar. Thus, our
proton data confirms the findings by Wolff, that for im-
pact velocities below 5vBohr the dissociation cross section
for proton impact is larger than for electron impact.

The fragmentation cross sections vs. proton energy
(Fig. 6), cuts off a 80% ratio for the parent ion (80 amu)
for the proton energies of 300 keV, 420 keV and 840 keV.
We found a similar extreme ratio in reference [26], but this
is probably due to averaging of spectra below and above
the appearance energies. We realize that the peak width
in those three spectra doubles indicating an inproper fo-
cusing of the proton beam. A wide ion beam increases the
interaction zone and the transmission for ionic fragments
decreases outside the spectrometer acceptance volume.

For energies from 1.5 MeV to 16.1 MeV, the rela-
tive cross sections from our measurements are extending
those reported by Wolff up to 2.5 MeV. At those ener-
gies, the parent ion has a yield of 35% and is the most
abundant fragment, which is in contrast to THF, where
the parent ion has a yield of less than 10%. In a pre-
vious work by Deng on desorption mass spectra of the
base thymine, the deoxyribose and the nucleoside thymi-
dine it was found that most fragments of thymidine, which
combines thymine and the deoxyribose, originate from the
sugar moiety [44]. Apparently, the sugar backbone is more
fragile than the nucleic acid base, which aligns very well to
our findings for the chemical analogs THF and pyrimidine.
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Fig. 7. Mass spectrum of trimethyl phosphate in percentage ratio to the most intense mass of 110 amu. Data for proton energy
of 16 MeV are compared with the electron impact mass spectra of massbank.jp [26] and NIST [27], and the photo-fragmentation
mass spectrum of Homem (21.35 eV) [43].

Fig. 8. Relative fragmentation cross section of the most abun-
dant trimethyl phosphate fragments versus proton beam en-
ergy. The cross sections are normalized to the sum of all dis-
played fragments.

3.3 Trimethyl phosphate

The mass spectrum of the TMP in percentage ratio to the
most intense mass of 110 amu for 16 MeV proton impact
together with assignments of the mass peaks is displayed
in Figure 7. The data is compared to literature [26,27,43].
The relative fragmentation cross sections are shown in Fig-
ure 8 for proton energies between 1.55 MeV and 16 MeV.
Because for masses above 80 amu individual mass peaks
could not be resolved for energies other than 16 MeV,
the fragments are displayed in groups of six neighboring
masses.

The non-fragmented TMP (C3H9O4P+) lies
at 140 amu. Additionally to the parent ion, seven
groups of fragment cations are observed. The mass peaks
around 110 amu are dominating the spectrum with a
combined 60% abundance of all cations. The next lighter
fragments, around 95 amu and around 79 amu, contribute

less then 10% and 20%, respectively. Yields for cations
around 65 amu, 47 amu and 31 amu are very low and not
included in the data for 21.35 eV photon impact [43] and
for electron impact by massbank.jp [26]. Mass 15 amu is
found in all data sets. Bafus reports extremely high yields
for lighter cations [45]. Because we believe this is an
artifact of mass-dependent detector efficiency and analog
read-out [46] we exclude his data in our comparison in
Figure 7.

While competing dissociation channels describe the
fragmentation of the heterocyclic molecules THF and
pyrimidine, sequential emission of formaldehyde (CH2O)
or a methoxy radical (OCH3) govern the fragmentation
of TMP. Photoelectron spectra show an initial electron
emission from a σCH bond which is followed by a hy-
drogen migration from the methyl-group to the non-
methylated oxygen [43]. Such keto-enol isomerization is
common for phosphorus esters [47]. As a consequence of
the induced charge rearrangement, formaldehyde (CH2O)
is dissociating and C2H7O3P+, the largest mass peak
at 110 amu, is formed. Mass 109 amu is formed when the
σPOCH orbital is ionized and the methoxy radical (OCH3)
dissociated without previous isomerization [43]. Further
dissociation pathways are illustrated by Bafus [45] and
Holtzclaw [47]: C2H7O3P+ (109 amu) looses formaldehyde
to form CH4O2P+ (79 amu), a loss of the methoxy radical
leads to HPO+ (48 amu), which becomes PO+ (47 amu)
after hydrogen dissociation. For C2H7O3P+ (110 am),
an intial loss of the methoxy radical forms CH5O2P+

(80 amu). Alternatively, the methyl radical is emitted to
form CH6O3P+ (95 amu) then followed by dissociation of
formaldehyde resulting in H2O2P+ (65 amu).

The cation yields as a function of proton energy in
Figure 8 is almost constant over the displayed range be-
tween 1.55 MeV and 16 MeV. It shows an slight increase
of the large fragments around 110 amu and decrease of
smaller fragments around 79 amu at higher energies. A
continuation of this trend towards the Bragg peak will be
discussed in a follow-up paper.

http://www.epj.org
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4 Conclusion

In summary, relative fragmentation cross sections were
measured for tetrahydrofuran, pyrimidine and trimethyl
phosphate at the PTB Ion Accelerator Facility. Pro-
ton beam energies ranged from 0.3 MeV to 16 MeV,
which is higher than Bragg peak energy for protons in
tissue-equivalent material. Comparing with standard mass
spectrometers working with about 70 eV electron im-
pact ionization, proton impact was observed to induce
stronger fragmentation with a higher ratio of small frag-
ment cations.

In agreement with previous findings, the mass spectra
can be interpreted such that the most severe fragmenta-
tion is found for the sugar part of the DNA, whose fura-
nose ring is modeled by tetrahydrofuran. The tetrahydro-
furan ring breaks in about 80% of all ionization events.
A ring break in the sugar leads to a strand break in the
DNA. For pyrimidine (corresponding to a base), the par-
ent ion is more stable and has the highest abundance in
the mass spectrum. Trimethyl phosphate (corresponding
to the phosphate residue in the backbone) predominantly
fragments by bond cleavage to one of the three methoxy-
groups, which does not necessarily cause strand breaks.
Within the limits of using isolated model molecules and a
simple geometric relation to strand breaks, our data will
be used in the GEANT4-DNA Monte Carlo simulation as
a first step to relate fragmentation of DNA constituents
to DNA damage.
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