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In a large number of cases, the dynamics of complex reaction mechanisms may proceed 
by a series of elementary processes, induced often by a fast reaction step, followed by 
relaxation or reorganisation of the molecular system. A good description of these elementary 
processes is thus determinant in understanding such complex mechanisms, as those involved 
in the action of radiation on biomolecules, or more generally on reactions involving systems 
of biological interest. Although biological reactions occur mainly in a solvent, studies in the 
gas phase exhibit the specific chemistry of free species and are often the only way to provide 
precise data and thermodynamic properties essential for modelizations. 

Electron transfer is an important process in physics, chemistry and biochemistry. In 
particular, charge transfer involving multiply charged ions in collision with atomic or 
molecular targets are determinant processes in controlled thermonuclear fusion research and 
astrophysical plasmas. In such processes, an electron is generally captured in an excited state 
of the ion, followed by line emission. The observation of line intensities provides important 
information on the electron temperature, density and spacial distributions in the emitting 
region of the plasma.  

From a theoretical point of view, the study of these processes for collision energies from 
eV to keV is developed in the molecular framework and requires the determination of 
potential energy surfaces of the different ground and excited states involved in the process , as 
well as the non-adiabatic couplings between these levels. The dynamical treatment requires 
then different approaches with regard to the collisional energy range of the process. A semi-
classical method is currently used at keV energies and may be extended easily to ion/molecule 
systems, but the description of very low-velocity processes requires a complete quantum 
mechanical treatment of the dynamics of both electrons and nuclei. The first approach 
extensively used is the resolution of the stationary close-coupling equations, but we have 
analyzed recently on the Si4+ + He system, the efficiency of a time-dependent wave packet 
method [1,2] which provides a clear and physical insight into the dynamics of the processes 
and may be particularly interesting for polyatomic systems since it allows the possibility of 
developing a fully quantal mechanical treatment for some degrees of freedom, the other ones 
being treated classically. This approach is particularly interesting for systems of increasing 
complexity. In particular many important steps in biological dynamics imply few degrees of 
freedom imbedded in a bath of inactive coordinates for which a hierarchy can be designed.  

As a first example, we have undertaken, in relation with photodissociation experiments 
[3], the study of competitive dissociation of C-Cl and C-Br bonds in bromacetylchloride Br-
CH2-COCl. The dissociation is induced by an electronic excitation and is shown 
experimentally to lead preferentially to C-Cl breaking, although the C-Br bond is 
thermodynamically weaker. This result is in disagreement with statistical theories, as the 
branching ratio depends not only on the relative height of the corresponding barriers, but also 
on non-adiabatic transitions arising from interactions between the different excited states. The 
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effect depends on the distance between the C=O and C-X chromophores and on the 
conformation of the molecule. 
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Abstract 

Today it is recognized that radiation damage in bio-molecules, in particular strand 
breaking in the DNA, is not only the result of a single interaction of the primary ionization 
projectile with the molecules involved, but also due to the simultaneous and consecutive 
action of the primary and the secondary species, including also radicals (for instance oxygen) 
that are produced by destruction of the water molecules surrounding the DNA. A detailed 
knowledge of the ionization process is a must for a full understanding of radiation damage on 
a microscopic level .  

 
The research program that we developed at the Institut de Physique Nucléaire de Lyon is 

focused on the study of swift proton impact ionization of  biomolecules in the gas phase and 
of mixed clusters (DNA or RNA basis and water molecules). The proton energy range (30-
150 kV) explored corresponds to a range where proton beam action in living matter is known 
to be maximum (Bragg peak range). This program is also related to our previous results [1-3] 
on statistical description of collision induced fragmentation of molecular clusters. Indeed, the 
relaxation of these highly excited molecular complex systems is also of  fundamental interest. 

 
Preliminary experiments are devoted to the measurement of fragmentation cross sections 

of a target molecule in coincidence with the post-collision charge state of the projectile. 
Therefore, we are able for the first time to separate the direct ionization and the ionization via 
electron capture by the projectile. This work give new insights on ionization and charge 
exchange processes in the interaction  of protons and neutral hydrogen atoms with water and 
biomolecules such as DNA or RNA bases. 
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We will present experimental results [4] for proton ionization of water molecules based on 
a novel event by event analysis of the different ions produced (and lost). We are able to obtain 
mass analyzed product ion signals (e.g., H2O+, OH+, O+, O++, H+, and also negative ions) in 
coincidence with the charge-analyzed projectile, i.e., either being H+ or after single electron 
capture during the ionization event neutral H or H- after double electron capture. After proper 
calibration we are thus able to determine a complete set of cross sections for the ionization of 
a molecular target by protons (20-150 keV) including the total and the partial cross sections 
and in addition also the direct ionization and the electron capture cross sections. 

This work has been extended in two directions: Similar measurements have been 
performed on the one hand for ionization of  water by swift neutral atoms, on the other hand 
for proton ionization of uracil molecules (RNA Base) of which we will present preliminary 
results.  
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Flow-tube mass spectrometry as a technique to measure positive ion-molecule reactions in 

the gas phase has been reviewed recently [1]. It is an excellent and versatile method for 
studying chemical kinetics over a wide temperature and energy range. It has been applied to a 
wide variety of chemical systems – ionospheric reactions, interstellar chemistry, electron 
transfer, proton transfer, organometallic ion chemistry, and fullerene ion chemistry are just a 
few examples. There is increasing interest in recent years in anhydrous protein and peptide 
ions [2]. Electrospray ionization (ESI) [3] provides a very efficient way of introducing singly 
protonated and multiply protonated peptide ions into the gas phase. We have employed the 
combination of ESI and flow-tube mass spectrometry in kinetic studies of reactions of small 
[4-6] and medium sized [7] protonated peptides with ammonia and methanol. Ion/molecule 
reactions were conducted under carrier gas pressures of several tenths of a torr. We have 
observed the formation of collisionally stabilized complexes of GLY2H+ with NH3, methanol 
and a series of amines and studied their formation kinetics. In a study of H/D exchange with 
ND3 we have monitored for the first time the collision complexes corresponding to the 
consecutive H/D exchanges of the five labile hydrogens in protonated diglycine. The 
formation kinetics, multi-collision-induced dissociation and H/D exchange characteristics 
were studied for the protonated betaine/ammonia complex that has partial zwitterionic 
character [8]. 

Conformational properties of biomolecules in solution are said to be preserved during the 
process of ESI. Conformational changes in proteins are probed by hydrogen-exchange ESI 
mass spectrometry. The generally held idea has been that compact structures protect some 
labile hydrogen atoms from H/D exchange in the gas phase. The interpretation of H/D 
exchange experiments requires knowledge of the reaction mechanisms involved. Many 
studies of H/D exchange between protonated peptides and deuterated solvent molecules were 
performed. ND3 was found to be the most efficient reagent studied for promoting H/D 
exchange. Most of these studies were carried out at very low ion source pressures of  
10-7 – 10-5 torr in FT-ICR mass spectrometers. 

We studied reactions of the doubly-protonated nonapeptide bradykinin and the octapeptide 
des-Arg9 bradykinin with CH3OD and ND3, respectively, by using flow-tube mass 
spectrometry. Deconvolution of the experimental mass spectral data followed by simulation 
of the kinetic data by solution of differential equations led to sets of apparent and site-specific 
rate constants. On a time scale of several milliseconds, bradykinin was observed to undergo 
with ND3 three fast H/D exchanges and one slow exchange. Three equivalent exchanges were 
observed with CH3OD that were nearly two orders of magnitude slower than the ND3 
reactions. Up to six exchanges of hydrogen were observed for the reaction of des-Arg9 
bradykinin with ND3. The more efficient exchange of des-Arg9 bradykinin was accompanied 
by formation of collisionally stabilized complexes between doubly-protonated des-Arg9 
bradykinin and ND3 at a He carrier gas pressure of about 0.2 torr.  

The above results led to the conclusion that complexation of doubly-protonated bradykinin 
by ND3 is prevented by its tightly folded structure and this in turn prevents H/D exchange of 
the amide hydrogens of bradykinin. The additional H/D exchanges observed in the case of 
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doubly-protonated des-Arg9 bradykinin are made possible by complexation of its less compact 
structure via hydrogen bonded intermediates that promote H/D exchange of amide hydrogens. 

Among other peptides we have also studied the protonated pentapeptide leucine 
enkephalin, Tyr-Gly-Gly-Phe-Leu (YGGFL) [9]. On a time scale of several milliseconds, 
leucine enkephalin undergoes with ND3 four fast H/D exchanges and one slow exchange. 
Evidence was presented for the presence of two noninterconverting ion populations with 
different reactivities however the source of these two populations was not uniquely identified. 
We have also reported on the discovery [10] in the reaction system, of the doubly protonated 
dimer of leucine enkephalin, through its reduced reactivity in the H/D exchange reaction with 
ND3 compared to the singly protonated monomer. 

The electrospray ionization/fast flow apparatus is shown schematically in Figure 1. It 
consists of a SIFT apparatus that we have constructed several years ago and modified to work 
with an electrospray (ES) source connected directly to the flow tube. It consists of a flow 
reactor that is 123 cm in length and an inner diameter of 74 mm. A neutral reagent is 
introduced into the flow tube through either one of two ring inlets. Tylan mass flow 
controllers define the flow rate of the neutral reactant into the flow tube. The quadrupole mass 
analyzer (652601 ABB EXTREL) is housed in a differentially pumped chamber that is 
separated from the flow tube by a nose cone (NC) skimmer with a 1.0 mm sampling orifice.  
A small NC voltage is used for focusing ions into the analysis quadrupole. Helium buffer gas 
enters the flow tube at the upstream end near an electron impact ion source through another 
Tylan flow controller. It is pumped through the tube by a Roots blower with flow velocities of 
2000-4500 cm s-1 leading to typical flow tube pressures ranging from 0.15 to 0.4 torr and 
reaction times of several ms. 

The electrospray ion source was designed as follows. A capillary tube serves as the 
interface between the electrospray and the helium flow reactor. Stainless-steel tubes 15 cm in 
length and 0.05 cm i.d. are employed. The entire assembly is inserted into the flow tube at a 
distance of ∼ 96 cm from the sampling orifice, 135° to the direction of the helium flow, 
through an ‘O’-ring type vacuum fitting. A capillary tube of 0.05cm i.d. introduces an air leak 
into the flow tube with a pressure of 0.07 Torr and a flow rate of 1.3 l/min (STP); these 
numbers have to be added to the helium pressure and helium flow rate when calculating rate 
constants. Ions are electrosprayed ∼10 mm through ambient air into the grounded capillary 
tube from a stainless steel syringe needle biased at 5 kV DC. Dilute solutions of the analyte of 
interest in a polar solvent are delivered to the electrospray needle at flow rates of 3.3 µL min-1 
from a 5000 µL syringe mounted on a model 100 KD Scientific Syringe Pump. The 
temperature of the capillary tube as well as of the flow tube is in the range of 22-30 C. 
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I. Introduction 

Electron attachment reactions play important role in various fields of chemistry and 
physics and in a large number of technological applications (gas dielectrics in high-voltage 
devices, certain types of discharges and plasma) [1]. Due to this, EA reactions have attracted 
scientific attention and have been studied in many experiments. Previous EA studies to large 
number of molecules demonstrated that the electron attachment reactions depend strongly on 
the kinetic energy of electrons. In many cases EA to the molecules is strong enhanced by 
heating the attaching gas to higher gas temperatures (Tg)[2].  

The present work is devoted to the study of the gas temperature effect on the dissociative 
electron attachment (DEA) to the chloro-bromo-methanes: 

e + CH2BrCl →←  (CH2BrCl)-*  → Cl- + CH2Br R1 
  → Br- + CH2Cl R1b 
e + CHCl2Br →←  (CHCl2Br)-*  → Cl- + CHClBr R2a 
  → Br- + CHCl2 R2b 
e + CHClBr2  →←  (CHClBr2)-* → Cl- + CHBr2 R3a 
  → Br- + CHClBr R3b 
e + CFClBr2  →←  (CFClBr2)-* → Cl- + CFBr2 R4a 
  → Br- + CFClBr R4b 
e + CCl3Br →←  (CCl3Br)-* → Cl- + CCl2Br R5a 
  → Br- + CCl3 R5b 

This study has been performed in the electron energy range from 0 to 2 eV and in the gas 
temperature range from about 300 K to about 500 K using a new crossed electron-molecular 
beams apparatus with a temperature regulated, effusive molecular beam source. 

The gas temperature studies of DEA to these molecules are of fundamental interest. The 
DEA reactions R1a-R5b are exothermic reactions, with a competition between two separate 
reaction channels (Cl- and Br-). For some of these molecules the overall DEA rate coefficients 
have been measured by Sunagawa and Shimamori [3] and the temperature dependencies of 
the rate coefficients for particular reaction channels have been measured by Smith and Spanel 
[4].  In present contribution, the distribution of the reaction products into these two channels 
has been studied as a function of the electron energy and the gas temperature.  

II. Experiment 

The present study has been carried out using a new high-resolution electron-molecular 
beam apparatus [5]. The electron beam formed by a Trochoidal Electron Monochromator 
(TEM) is perpendicular crossed by a molecular beam formed by an Effusive Molecular Beam 
Source (EMBS). The negative ions produced in the reaction chamber are extracted by a weak 
electric field from the reaction chamber and focused into the entrance of a Quadrupole Mass 
Spectrometer (QMS). The intensity of a selected negative ion is then measured as a function 
of the electron energy E and the gas temperature Tg. The electron energy distribution function 
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of the electrons in the electron beam (measured as a Full With at Half Maximum FWHM) of 
around 70 meV has been used in the present experiment. The EMBS consists of a heatable 
stainless steel container, gas inlet system, heaters and a pair of thermocouples. The pressure in 
EMBS is measured using an absolute pressure gauge (MKS Barratron, pressure range 0-7Pa). 
The gas is effusing from the EMBS trough a single channel (5mm long, 0.5mm diameter). 
The molecular beam is formed by the effusion of the molecules trough the channel. The 
EMBS was resistively heated (temperature range 300 K– 500 K). The temperature of the 
EMBS was measured using a pair of thermocouples (chromel, alumel). The gas inlet system 
of the EMBS was working at higher pressure (typically 105-102Pa). The reacting gas was 
introduced to the EMBS using a precise diaphragm-regulating valve, reducing the gas 
pressure to 0.1-7 Pa. For the temperature dependent studies it is important to known, the 
variation of the gas number density in the molecular beam with the gas temperature. The 
number density of the molecule in the molecular beam is decreasing with the increasing Tg: 

no ~ Tg
-0.5 (1)

providing the gas flow through the EMBS is constant [5]. If the cross section for a DEA 
reaction does not depend on Tg, the ion signal should decrease with Tg as the Tg

-0.5. 

III. Results 

In the Figures 1a-5a are presented the measured ion yields for the reactions R1-R5 as the 
functions of the kinetic energy of the electrons in the electron energy range 0-1.75 eV. The Cl- 
and Br- ions yields have been measured at the gas temperatures indicated in the graph. The 
intensities of Cl- and Br- ions measured at the zero electron energy as functions of the gas 
temperature are shown in the Figures 1b-5b.  

In the case of the molecule CH2ClBr (Fig.1a, 1b), the Br- ion is the dominant reaction 
product in the whole electron energy range from 0 to 1.75 eV. The ion yield for Br- has a peak 
at 0 eV and a shoulder between 100 meV and 500 meV indicating a second resonance in this 
region. The ion yield for Cl- channel has a peak at 0 eV and then signal decreases 
monotonically in the   whole electron energy range. With the increasing gas temperature the 
Br- ion signal at 0 eV electron energy is increasing and is becoming even more dominant 
product (Fig. 1b). The intensity of the Cl- ion is decreasing with the increasing gas 
temperature. The Tg

-0.5 function in the Figure 1b represents the decrease of the ion signal, due 
to the decrease of the gas number density of the molecules in the molecular beam with 
increasing Tg. The Cl-. signal decreases more rapidly with Tg as the Tg

-0.5 function. This 
indicates the decrease of the partial cross section at 0 eV with the gas temperature. 

The ion yields for Br- and Cl- channels (Fig. 2a) for DEA to CHCl2Br have very similar 
shape, the maximum at 0 eV and then a monotone decrease in the whole electron energy 
range from 0 eV up to 1.75 eV. In the electron energy range from 0 eV to about 0.5 eV is the 
decrease exponential. The Br- ion is dominant in the whole measured electron energy range. 
With the increasing gas temperature is Br- intensity decreasing more rapidly then Tg

-0.5, 
indicating the decrease of the partial cross section at 0 eV with increasing Tg. The Cl- intensity 
at 0 eV decreases as Tg

-0.5. This indicates, that the cross section for this reactions channel does 
not depend on Tg.  

The ion yields for DEA to CHClBr2 are presented in the Fig. 3a. The Br- channel has a 
maximum at 0 eV and the second resonance is at about 0.5 eV. The Cl- channel has a 
maximum at 0 eV and the second resonance is at about 0.6 eV. The Br- is the dominant 
product in the whole electron energy range and also at all gas temperature. The Fig. 3b 
indicates, that the cross section for the Br- channel at 0 eV is constant with Tg and that the 
cross section for Cl- channel is increasing with increasing Tg. 
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The ion yields for DEA to CFClBr2 are presented in the Fig. 4a. For the Br- reaction 
channel the first peak can be found at 0 eV and the second resonance at about 0.6 eV. The ion 
yield for Cl- reaction channel has first peak at 0 eV and the second at about 0.8 eV. At the 
electron energies below 0.75 eV Br- is the dominant ion and above 0.75 eV Cl- is the 
dominant ion. The temperature dependencies of the 0 eV peaks show monotone (Tg

-0.5) 
decrease of the Br- and Cl- signals with increasing Tg in the gas temperature range form 348 K 
up to 440 K. This indicates, that the cross sections at low electron energies for both reaction 
channels do not depend on Tg. At the gas temperatures above 440 K the decrease of the Cl- 
and Br- signals is stronger then Tg

-0.5. This is most probably due to thermal decomposition of 
CFClBr2. Due to thermal decomposition of the molecules in the EMBS, the number density of 
the molecules in the molecular beam decreases more rapidly then predicted by (1) and 
therefore also ion signals are decreasing. Similar effects have been observed in [5] for other 
molecules. 

In the reactions R1-R4 dominant product of the reactions has been found Br-. In the case 
of CCl3Br is the situation different. At the gas temperatures above 348 K is Cl- ion the 
dominant product in the whole electron energy range. Spanel et al. [6] observed that at 297 K 
the dominant ion is Br-, but in the present experiment it was not possible to measure this 
reaction at such low temperature. The Br- ion yield curve has two peaks, the first one at 0 eV 
and the second one at about 0.5 eV.  The Cl- ion yield has also two peaks, the first one at 0 eV 
and the second at about 0.6 eV. Spanel et al. observed the second peaks at slightly different 
electron energies. With the increasing gas temperature the Cl- signal at 0 eV is increasing 
rapidly, but at the gas temperature above 420 K strong decrease of the signal is observed. This 
decrease is attributed to the thermal decomposition of CCl3Br molecule in the EMBS. This 
effect can be observed also for the Br- ion. The Br- signal is decreasing with the increasing gas 
temperature according to Tg

-0.5 law (indicates temperature independent cross section), but at 
the gas temperatures above 420 K strong decrease of the Br- signal is observed, this decrease 
is attributed to thermal decomposition. 
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The formation of both positively and negatively charged ions has been investigated for the 

collision of highly monochromatized electrons with molecules such as uracil, formic acid, 
acetic acid and acetonitrile. The aim of these studies is to understand the basic processes that 
lead finally to the damage of living cells upon exposure to ionizing radiation (α, β, γ, ions). 
Sanche and co-workers [1] recently demonstrated that potentially lethal DNA damage (double 
strand breaks) are not only induced by the primary high energy projectiles. Secondary species 
of the primary ionizing radiation, like slow electrons with kinetic energies typically below 
20 eV, turn out to be even more dangerous leading to substantial cell damage. We have 
studied on two monochromator instruments the inelastic interaction of low energy electrons 
with several selected prototypical organic molecules including the RNA base uracil. 

 
Dissociative electron attachment (DEA) to formic acid, acetic acid and acetonitrile was 

investigated with an electron energy resolution of 50 meV to 100 meV using a trochoidal 
electron monochromator which has been improved recently [2]. This highly sophisticated ion 
source is located in an UHV-recipient and heated throughout the experiments with halogen 
lamps to 370 K to reduce unwanted effects due to surface contaminations. The gaseous 
samples were introduced through a 20 µm platinum nozzle located closely to the collision 
chamber as an effusive beam. Clustering of the molecules has not been observed for the 
presently used pressure parameters. Anions that were formed by the interaction of the low 
energy electron beam with the molecular beam are focused with a set of electrostatic lenses 
into a quadrupole mass filter and detected with a channeltron type SEM located off-axis to the 
quadrupole. For the present setup the neutral target beam and the quadrupole axis are collinear 
which has the advantage to allow operation of the instrument with practically no extraction 
field (avoiding secondary effects on the electron beam and the extracted ion beam). 
Nevertheless, the interaction of extracted 
anions with other neutral molecules might 
lead to secondary products. Up to now 
only autodetached electrons from long 
living parent anions like C2Cl4

- have been 
identified as a source of such secondary 
product anions in the extracted ion beam 
[3]. Results obtained for DEA for these 
molecules will be discussed and 
characteristic features (such as H atom loss 
in DEA) will be compared to the uracil 
case (see below). 

 
Uracil is one of the four bases in RNA. 

The others are adenine, guanine, and 
cytosine. Uracil replaces thymine, which is 
the fourth base in DNA. Like thymine, 
uracil always pairs with adenine. Figure 1 
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is a schematic view of this molecule. When combined with the sugar ribose in a glycosidic 
linkage, uracil forms a derivative called uridine. There is no uridine in deoxyribonucleic acid 
(DNA). However, its involvement in the biosynthesis of RNA demonstrates that uracil is 
important in the translation of genetic information. This molecule can be obtained as a white 
powder and can be evaporated fragmentation free in a simple oven at about 450 K to 465 K. 
We performed the experiments on uracil on a crossed beams apparatus equipped with a 
hemispherical electron monochromator. This instrument has been described in detail 
previously [4]. It was primarily built in our Innsbruck laboratory for the study of electron-
particle interactions under high sensitivity and high energy resolution. The performance of the 
home built hemispherical electron monochromator has been improved by careful attention to 
a number of technical details (such as the selection of only one material – stainless steel – 
frequent bake-out of the instrument and the compensation of the earth’s magnetic field with 
Helmholtz coils). Ions formed in the collision chamber are extracted on line to the neutral 
beam direction by a weak electric field. Usually, a rather low ion extraction voltage of about 
50 mV (corresponding to an electric field strength of about 0.12 V/cm) was used in order to 
minimize disturbing field effects. The extracted ions are then focused by a system of 
electrostatic lenses into the entrance of a quadrupole mass spectrometer with a nominal mass 
range of 2000 amu. The mass selected ions are detected by a channeltron multiplier operated 
in single ion counting mode. 
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Figure 2: Mass spectrum of the positive ions formed upon electron impact ionization of 

uracil. Electron energy: 200 eV, oven temperature: 460 K. Shaded peaks in the insert 
indicate doubly charged fragment ions. 

 
Figure 2 shows a mass spectrum of positively charged product ions that were formed at an 

electron energy of 200 eV. The quadrupole mass spectrometer was optimized for the H+. 
Since the transmission of this type of mass spectrometer is dependent on the mass the relative 
yield of the heavy ions might be underestimated. On the other hand fragment ions that were 
formed with high kinetic energy will be extracted from the collision chamber with lower 
probability. The presence of doubly charged fragment ions (see insert in Figure 2) indicates 
that Coulomb repulsion of unstable multiply charged intermediate molecular ions might lead 
to fast singly charged fragment ions that can hardly be collected with the present experimental 
setup. For positively charged product ions the threshold region of the ion efficiency curves 
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were measured to a few eV above the expected appearance energy and by fitting a power 
function of the form  

 
pAEEcbEf )()( −+=  (1)

 
to the data. The parameter b is a possible background signal, AE the appearance energy and, a 
scaling constant c has a constant value for E≥AE and is set to 0 for E<AE. The exponential 
factor p is according to Wannier [5] 1.127 in the case of the electron impact ionization of 
atomic hydrogen. Figure 3 shows a typical example of the threshold region of the ion 
efficiency curve of the singly charged uracil parent ion and the two most intense fragment 
ions with a mass per charge ratio of 69 and 42 Thomson, respectively. Table 1 below 
summarizes the appearance energies that were derived by fitting equation (1) to the 
experimental data. The errors represent the 68% region of confidence derived from 7 
independent measurements. It is interesting to note that the previous value of Lifshitz and 
coworkers [6] derived for the uracil parent ion (9.82 ± 0.1 eV) using electron impact and a 
vanishing current method is in good agreement with the present result (9.59 ± 0.06 eV). 
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Figure 3: Ion efficiency curves for the uracil 
parent ion and the two fragment ions C3H3NO+ 
and CNO+, respectively. 

Table 1: Appearance energies derived 
from the data such as shown in Figure 3 
using equation (1). 

 

Symbol
m/z 

(Thomson) 
AE(eV) ± ∆(AE)

○ 112 9.59 ± 0.06 

□ 69 10.87 ± 0.04 

∆ 42 13.39 ± 0.02 

 

 

 
Using the same hemispherical monochromator instrument it is also possible to study 

negatively charged product ions with high electron energy resolution. In the present study the 
following anion fragments of uracil have been identified within our detection limit 
(C4H3N2O2)─, OCN─, (H2C3NO)─, CN─, O─. The most important result is that the parent anion 
cannot be observed within our detection efficiency (this has been confirmed by careful 
measurements of neighboring isotope peaks) in contrast to the situation of bromouracil 
encountered by Illenberger and coworkers [7] who reported the occurrence of a strong parent 
anion signal for this molecule. The most intense fragment anion appears on a mass to charge 
ratio of 111 amu. Mass 111 corresponds to the uracil molecule missing one hydrogen. 
Moreover, the electron attachment spectrum for this anion exhibits in the energy range from 0 
to 3eV a number of well pronounced narrow peaks (see Figure 1 in the abstract by G. Hanel et 
al. “Low energy electron attachment to the uracil molecule” at the same conference). The zero 
energy resonance is probably due to an s-wave attachment process. 
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Introduction 

Energy deposition into bio-molecules and their subsequent de-excitation pathways belong 
to the most fundamental processes occurring in living organisms. In particular the effect of 
radiation on cellular survival and proliferation is of increasing biological and medical 
importance. Such radiation damage in biological tissue is to a large extent induced by 
secondary processes such as the interaction of hyperthermal electrons or ions containing 
inner-shell vacancies with cellular DNA. To investigate processes of the latter kind, we  study 
the interaction of slow, multiply charged ions (MCI) with the RNA building-block uracil. 
MCI are particularly interesting because a variable amount of energy and charge can be 
transferred to the bio-molecule, leaving it vibrationally and/or electronically excited. In the 
following we present the first experiments on the interaction of MCI with RNA/DNA bases. 

Experimental 

MCI were extracted from the electron cyclotron resonance ion source (ECRIS) at the 
atomic physics facility of the KVI. The source can be floated at different voltages between 2 
and 20 kV. The ion beam is collimated by two 1 mm diameter diaphragms which are 180 mm 
apart, with the second diaphragm located 60 mm in front of the collision center.  

Uracil, as well as other RNA/DNA bases, can be brought into the gas phase rather easily 
by means of an oven. The crystalline form is heated to approximately 180 oC where 
fragmentation is still negligible but evaporation is already strong. The uracil vapor effuses 
through a nozzle and two diaphragms and crosses the projectile ion beam in the collision 
region.  

A static electric field of typically several 100 V/cm extracts electrons onto a micro-sphere 
plate detector, and positive ions through a 5 mm diaphragm into a reflectron type time-of-
flight (TOF) mass spectrometer. TOF measurements can be performed in two modes: 1) 
Continuous beam - the start signal is given either by an electron originating from the collision 
(electron-ion coincidence mode) or a fragment ion originating from the same collision as the 
stop-ion (ion-ion coincidence mode). 2) Pulsed MCI beam – the projectile beam is 
periodically deflected to obtain pulses of 20 ns to 100 ns length which trigger the TOF 
measurement (chopper-ion coincidence mode). This way all classes of collisions contribute 
statistically to the spectra and no discrimination is made. The coincidence TOF measurements 
are performed using a multi-hit TDC with 1ns resolution and virtually unlimited number of 
coincidences with negligible dead-time. A thorough discussion of the experimental technique 
is given in [1]. 

Results and Discussion 

Standard mass spectra obtained with a chopped projectile beam are displayed in fig. 1. The 
upper graph shows results obtained with He2+ (v= 0.5 a.u.) projectiles, while for the lower 
graph O6+ (v=0.4 a.u.) ions have been used. Both spectra show very similar features. At 
m/q=112 the uracil parent cation is found. The next lighter group of peaks has a maximum at 
m/q=69 and is most probably due to the loss of fragments based on an OCNH group. The next 
group of peaks has a maximum at m/q=42 and could be due to e.g. OCN+. Furthermore, we 
observe a group of peaks between C2

+ and O2
+ and another one between C+ and H2O+. At 
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small m/q also contributions of H+ and H2
+ are observed. We note, that the peaks from H+, 

H2
+, H2O+, N2

+ or O2
+ may be partly due to interaction of the projectile ions with residual gas 

molecules.  
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Figure 1 Mass spectra of the products from He2+ (a) and O6+ (b) collisions with uracil. The inset shows a zoom 
in the low mass region. 
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Figure 2 Fragment ion-fragment ion coincidence spectra of the products from He2+ (a) and O6+ (b) collisions 

with uracil. 
 

The characteristic features of the spectra differ only in details when comparing He2+ and 
O6+ projectile-ions. On the first glance, this suggests that very similar processes are active 
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during and after the collision process, in strong contrast to the case of e.g. fullerenes. To 
address this question in more detail, we also measured coincidence TOF spectra. 
These spectra are displayed in fig. 2 for the same conditions as fig. 1. Note that the labels on 
the different peaks give the most likely possibilities of coincidence pairs. In some cases, also 
other assignments might contribute to the same peak.  
However, large differences between the He2+ and the O6+ cases are obvious. For He2+ (fig. 2a) 
no distinct peaks are visible with a ∆t smaller than 5 µs. A thorough analysis of the peaks at 
larger ∆t reveals that in this case most probably all peaks are due to protons. 
No coincidences between fragments with larger mass are observed. This changes when 
looking at the O6+ data (fig. 2b). Here, a multitude of peaks is found at low ∆t which are 
mainly due to coincidences between C+ or O+ and other atomic and molecuar cations. 
Furthermore just as for He2+ also the proton coincidences are present, although with different 
relative intensities. 

The reasons for the pronounced differences are not fully understood, yet. The average 
charge on the target molecule is certainly higher in case of O6+ projectiles, leading to more or 
higher charged fragments. However, from what is known from the fullerene studies, also for 
the case of doubly charged projectiles a removal of on average more than 2 electrons is 
expected [2,3,4]. Close collisions involve small impact parameters and should therefore be 
more violent than those with higher charged projectiles. 

More light can be shed on this question by looking at electron-ion coincidence TOF 
spectra as displayed in fig. 3. In this mode, all single electron capture events are suppressed, 
since in those events no electron is emitted. This leads to a strong reduction of residual gas 
contributions and an increase in intensity for peaks due to multiple electron capture. In the 
electron-ion spectrum multiply charged fragments up to C3+ and O3+ are observed with high 
relative intensity. Not shown here are the results for He2+ projectiles, where these peaks are 
still not observed. The presence of a strong contribution of the multiply charged species in the 
spectra suggests that in one event several ions are produced and that the intermediate uracil-
ion formed during the collision most probably breaks apart due to a Coulomb explosion 
mechanism. 
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Figure 3 Chopper-ion (top) and electron-ion (bottom) coincidence spectra for 12 kV O6+ collisions with uracil. 
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