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main proposer A. Milosavljevic), 

 “Influence of nanosolvation onto the ionization energy of multiply charged full 

proteins isolated in the gas phase” (2014, main proposer A. Milosavljevic), 

 “Nanosolvation-induced stabilization of biopolymers and fragile biomolecular 

complexes isolated in the gas phase probed by VUV photoactivation” (2013, main 

proposer A. Milosavljevic), 

 “Inner-shell spectroscopy of protein ions isolated in gas phase: Near-edge X-ray ion 

yield spectra dependence on molecular charge state” (2013, main proposer A. 

Milosavljevic), 

 “Photoionization of nanosolvated nucleotides and nucleoside triphosphates isolated 

in the gas phase” (2012, main proposer A. Milosavljevic) 

 

Научна активност и доприонос кандидата је везана за истраживања процеса 

интеракције електрона и фотона са биомолекулима, као и утицаја наносолватације 

на особине биомолекула. У оквиру ове тематике, Милош Ранковић је превасходно 

радио паралелно на: а) дизајну и развоју извора електронског млаза, као вакуумског 

система, у циљу конструкције, тестирања и имплементирања система за 

истраживање судара електрона са биомолекулима заробљеним у јонској замци или 

доведеним у вакуум на други начин; б) мерењу и обради резултата 

експерименталног истраживања интеракције “VUV” и “X” фотона са 

биомолекулима (нуклеотиди, амино киселине, пептиди и протеини), као и 

наносолватисаним биомолекулима, изолованим у вакууму помоћу јонске замке. 



Поред тога, с обзиром на показани таленат и мотивацију за експериментални рад, 

Милош Ранковић је учествовао и на другим истраживањима у Лабораторији за 

атомске сударне процесе, пре свега у развоју система за истраживање трансмисије 

електрона ниских енергија кроз проводне и изолаторске микрокапиларе. 

 

У оквиру тематике а) кандидат је помоћу симулације кретања електрона под 

условима дефинисаним задатом геометријом електронске оптике, испитивао рад 

електронског топа, у континуалном и пулсном режиму. Добијени резултати су 

важни за конструкцију и имплементацију извора електронског млаза. Кандидат је 

затим извео експерименталну реализацију повезивања електронског топа и јонске 

замке, при чему су добијени први резулати електронски индуковане 

дисоцијације/јонизације пептида и протеина заробљених у линеарној квадруполној 

јонској замци. Овај експеримент представља веома важан доказ принципа да је 

могуће довести електроне средњих енергија (око 300 eV) у линеарну јонску замку 

са радиофреквентним електричним пољима. Показано је да пертурбација енергије и 

геометрије електронског млаза под таквим условина довољно мала и да је могуће 

разлучити електронску структуру протеина. Конкретно, разложен је абсорпциони 

пик који одговара електронској ексцитацији 1s електрона из најниже љуске 

угљениковог атома у вишу непопуњену везивну молекулску орбиталу π* која 

одговара пептидној вези између угљеникових и азотових атома. 

 

У оквиру тематике б) презентовани су резултати експерименталног истраживања 

фотонски индуковане дисоцијације пентапептида леуцин-енкефалин, у опсегу 

енергија 5-14 eV. У опсегу енергија до око 8 eV, испод енергије јонизације, 

дисоцијација је иницирана електронском побудом молекула чиме овакво 

истраживање пружа могућност детаљног исптивања електронске структуре 

пептида као и сусцептибилности биомолекула у односу на ултраљубичасто 

електромагнетно зрачење. Експеримент је остварен повезивањем линеарне јонске 

замке са синхротронским зрачењем и мерењем тандем масених спектара у 

функцији енергије фотона. Такође су презентовани резултати фотонски индуковане 

дисоцијације за исте енергије фотона, хидратисаног протонисаног нуклеотида 

аденозин монофосфата. У експерименту је показано да хидратисање поменутог 

нуклеотида чак и са једним молекулом воде доводи до значајног смањења 

инзензитета фрагментације поменутог нуклеотида. У експериментима интеракције 

фотона из опсега енергија благих X-зрака са заробљеним вишеструко 

протонисаним протеином убикјутин, је показано да повећање стања наелектрисања 

протеина утиче на просторну уређеност (секундарну структуру која дефинише 

биолошку функцију - од компактних до издужених формација), што се може 

довести у везу са електронском структуром протеина. Најзад, експериментални 

резултати добијени интеракцијом електрона из тематике а) су упоређени са 

интеракцијама фотона из тематике б) за исти протеин убикјутин, при чему су 

добијена веома добра поклапања. Иако су процеси који иницирају Ожеов процес 

(избацивање валентног електрона, након ексцитације електрона из унутрашње К-

љуске) различити за случај фотона (резонантни) и електрона (нерезонантни), 

показало се да се релаксациони канали у тандем масеним спектрима добро 

поклапају. 



 

Објављени радови и саопштења представљају значајан научни допринос у области 

истраживања интеракције електрона и фотона са биомолекулима. Од посебног 

значаја је испитивање дисоцијације јона пептида у вакууму услед електронске 

побуде у ВУВ области, испод енергије јонизације, које је значајно како са 

фундаменталног аспекта и разумевања физичко-хемијских особина биомолекула, 

тако и за истраживања радијационог оштећења. 

 

 



Елементни за квантитативну анализу рада кандидата др Милоша Ранковића за избор у 

звање научни сарадник  

 

Остварени резултати у периоду пре избора: 

 

Категорија M бодова по раду Број радова Укупно М бодова 

М21а  10 3 30 

M21 8 3 24 

M23 3 2 6 

M31 1 3.5 3.5 

M32 3 1.5 4.5 

M34 0,5 11 5.5 

M63 0,5 3 1.5 

M70 6 1 6 

 

Поређење са минималним квантитативним условима за избор у звање научни сарадник: 

 

Минималан број М бодова Остварено 

Укупно 16 81 

M31+M32+M34+M63+M70 10 21 

M21a+M21+M23 5 60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Квалитативна оцена научног доприноса: 

 

1. Показатељи успеха у научном раду: 

(Награде и признања за научни рад додељене од стране релевантних научних 

институција и друштава; уводна предавања на научним конференцијама и друга 

предавања по позиву; чланства у одборима међународних научних конференција; 

чланства у одборима научних друштава; чланства у уређивачким одборима 

часописа, уређивање монографија, рецензије научних радова и пројеката) 

 Чланство у организационом одбору међународне конференције: 27th Summer 

School and International Symposium on the Physics of Ionized gases - SPIG 2014, 

Belgrade, Serbia. 

 Чланство у организационом одбору међународне конференције: XUV/X-ray light 

and fast ions for ultrafast chemistry expert meeting on biomolecules - 

XLIC 2015, Fruška Gora, Serbia. 

 

2. Ангажованост у развоју услова за научни рад, образовању и формирању 

научних кадрова: 

(Допринос развоју науке у земљи; менторство при изради мастер, магистарских и 

докторских радова, руковођење специјалистичким радовима; педагошки рад; 

међународна сарадња; организација научних скупова) 

Кандидат је учествовао у изради мастер рада: 

 Иве Бачић, дипломираног физичара (Физички факултет Универзитета у 

Београду, 2015. године) 

 

3. Организација научног рада: 

(Руковођење пројектима, потпројектима и задацима; технолошки пројекти, патенти, 

иновације и резултати примењени у пракси; руковођење научним и стручним 

друштвима; значајне активности у комисијама и телима Министарства за науку и 

технолошки развој и телима других министарстава везаних за научну делатност; 

руковођење научним институтцијама) 

Кандидат учествује у следећим пројектима основних, интердисциплинарних и 

технолошких истраживања Министарства просвете, науке и технолошког развоја 

Републике Србије: 

      (2011-2016) “Физика судара и фото процеса у атомским, (био) молекуларним и 

нанодимензионим системима”, ОИ.171020.  

 

 

 



4. Квалитет научних резултата: 

(Утицајност;  параметри квалитета часописа и позитивна цитираност кандидатових 

радова; ефективни број радова и број радова нормиран на основу броја коаутора;  

степен самосталности и степен учешћа у реализацији радова у научним центрима у 

земљи и иностранству;  допринос кандидата реализацији коауторских радова;  значај 

радова) 

 

У категорији М21a кандидат је објавио радове у следећим часописима: 

1 рад у Angewandte Chemie (International Edition) (ИФ= 11.709) 

2 радa у Journal of Physical Chemistry Letters (ИФ= 8.539) 

 

У категорији М21 кандидат је објавио радове у следећим часописима: 

1 рад у Applied Physics Letters (ИФ= 3.142) 

1 рад у Journal of Chemical Physics (ИФ= 2.894) 

1 рад у Nuclear Instruments and Methods in Physics Research. Section B: Beam 

Interactions with Materials and Atoms (ИФ= 1.389) 

 

У категорији М23 кандидат је објавио радове у следећим часописима: 

2 рада у The European Physical Journal D  (ИФ= 1.208) 

 

Сви радови се рачунају са пуном тежином у односу на број коаутора. 

Укупан импакт фактор радова кандидата у часописима категоријa М21a, М21 и М23 

је 28.881. Према Science Citation Index, научни радови кандидата цитирани су 8 пута 

у међународним часописима (без самоцитата). 
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Subject Invitation for a Special Report oral presentation at ICPEAC 2015
From Fernando Martín <fernando.martin@uam.es>
To <mrankovic@ipb.ac.rs>

Date 04/22/2015 13:47

 

To: Miloš Ranković Lj.
University of Belgrade
Serbia

 

 

Dear Miloš Ranković Lj.

 

 

On behalf of the ICPEAC 2015 International Programme Committee we are pleased to inform you that your communication entitled

 

“Photodissociation of protonated Leucine­Enkephalin peptide in the VUV range“

 

has been selected for a Special Report oral presentation at the XXIX International Conference on Photonic, Electronic and Atomic Collissions (XXIX ICPEAC), to be held in Toledo, Spain, from 22 to 28 July 2015. Special Reports are scheduled to last for 15 minutes including 3 minutes for discussion. 

 

Special Reports will be published in the J. Phys. Conference Series. We ask that speakers submit their papers at the conference so that the refereeing process can begin immediately. Instructions for the preparation of contributions as well as regularly updated information on the conference, the venue and the facilities are already available at ICPEAC 2015 website 

 

For any query related to this invitation, please contact Alicia Palacios at alicia.palacios@uam.es. 

 

We hope very much that you will be able to accept our invitation: please let us know by 1 May 2015 at the latest.  Please be aware that this is a personal invitation that cannot be transferred to your coauthors.

 

 

We look forward to welcoming you to Toledo in 2015.

 

 

Yours sincerely

 

 

 

 

Roberto D. Rivarola                                                           Fernando Martín

International Chair of XXIX ICPEAC                                 Local Chair of XXIX ICPEAC

Instituto de Física de Rosario                                             Departamento de Química, Módulo 13

Universidad Nacional de Rosario                                       Universidad Autónoma de Madrid

Rosario Argentina                                                               28049 Madrid, Spain

mailto:alicia.palacios@uam.es
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VUV photofragmentation of protonated leucine-enkephalin
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Abstract. The experimental investigation of 5–8 eV photons induced dissociation of the leucine-enkephalin
(Leu-Enk) peptide dimer, performed by coupling a linear ion trap with a synchrotron beamline, in com-
bination with the tandem mass spectrometry, has been reported. The present work extends the existing
results on Leu-Enk VUV-induced dissociation to lower sub-ionization photon energy range. The measured
tandem mass spectra show that even at the photon energies below the ionization threshold, VUV irra-
diation of the protonated Leu-Enk dimer precursor can lead to a rich fragmentation pattern, including
peptide sequence ions and neutral losses. The photodissociation yields of selected ionic fragments reveal
the absorption bands at about 6.7–7.1 eV (185–175 nm). The experimental results have been supported by
theoretical description of the [2Leu-Enk + H]+ precursors, optimized at B3LYP/6-31+G(d,p) level of DFT.

1 Introduction

There has been a long standing effort to understand de-
tails of radiation damage of biomaterials at the molecular
level. Particularly, a large amount of results have been
published in the recent years on electron, ion and photon
interaction with isolated molecules representing building
blocks or parts of large biological macromolecules such
as DNA and RNA [1]. The investigation of an isolated
molecular system under well-defined conditions allows for
a more detailed insight into fundamental biological pro-
cesses initiated by the impact of a high-energy particle.
Furthermore, this research could help developing impor-
tant applications in medicine, such as optimizing the type
and dose of the radiation in cancer therapy, in order to
maximize killing of the cancer cells, while minimizing the
damage to surrounding healthy tissues [2].

Although DNA and RNA have been mostly in the fo-
cus of the radiation damage research so far, protein dam-
age is a very important issue that must be also taken into
account for realistic modeling. Along this line, most of

� Contribution to the Topical Issue “Nano-scale Insights into
Ion-beam Cancer Therapy”, edited by Andrey V. Solov’yov,
Nigel Mason, Paulo Limão-Vieira and Malgorzata Smialek-
Telega.

a e-mail: vraz@ipb.ac.rs

the existing results have been reported on vacuum ultra-
violet (VUV) photon interaction with amino acids – the
building blocks of proteins (see [3] and references therein).
Nevertheless, the susceptibility of amino acids to ener-
getic photon irradiation (VUV/X-ray) cannot necessarily
be transferred directly to their polymers. For example, it
has been shown recently that an isolated full protein was
extremely resistant to fragmentation upon soft X-ray irra-
diation in comparison with amino acids [4]. Therefore, it
is important to study the high-energy photon interaction
with the isolated targets representing polymers of amino
acids (peptides), as well as their non-covalent complexes.
Unfortunately, this used to be experimentally very chal-
lenging – especially to bring the amino acids or their poly-
mers intact into the gas phase [4]. The development of ex-
perimental techniques in recent years, particularly those
coupling synchrotron radiation with ion traps, allowed for
the use of novel ionization methods such as electrospray
ionization (ESI) to produce and study gas-phase intact
peptides, proteins and even non-covalent complexes [3–7].

In the present article, we report on the experimental
investigation of 5–8 eV photon induced dissociation of the
leucine-enkephalin (Leu-Enk) peptide dimer, performed
by coupling a linear ion trap with a synchrotron beam-
line, in combination with the tandem mass spectrometry
(MS2) method [6]. The Leu-Enk pentapeptide (see Fig. 1)
has been intensively studied previously and has become a
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Fig. 1. Schematic drawing of leucine-enkephalin peptide
(Leu-Enk) and the amino acid sequence.

standard model in mass spectrometry (see [3,8] and refer-
ences therein). It has also been used as a model system for
peptide-peptide interactions [9]. The existing results on
high-energy photon interaction with gas phase Leu-Enk
include the photodissociation study of protonated Leu-
Enk monomer in the 8–40 eV VUV range [3,10] and soft
X-ray [11], as well as the most recent study of both bare
and nanosolvated Leu-Enk dimer in 7–10 eV range [9].

Therefore, the present work extends the existing re-
sults on Leu-Enk VUV-induced dissociation to lower sub-
ionization photon energy range, which is particularly
important regarding the intensive photoabsorption by
peptides in the 4–7 eV region (300–180 nm) due to the
strong electronic transitions associated with aromatics,
disulfids, amides and the charge transfer [12]. Further-
more, the present work deals with the isolated gas phase
Leu-Enk dimer, thus allowing an insight into the sub-
ionization dissociation of non-covalent peptide complexes,
a model system for the peptide-peptide interaction and
ternary structure acquisition. In short, we could study the
stability of fragile non-covalent peptide complexes against
sub-ionization VUV irradiation by analyzing direct disso-
ciation and backbone fragmentation as a function of the
photon energy. Finally, extensive high-level molecular dy-
namics (MD) and density functional theory (DFT) calcu-
lations were performed in order to study the structure and
physicochemical properties of the Leu-Enk dimer.

2 Experimental method

The experimental system [5,6] has been assembled by cou-
pling a commercial linear quadrupole ion trap mass spec-
trometer (Thermo Finnigan LTQ XL) with the DESIRS
VUV beamline [13] of the SOLEIL synchrotron radiation
facility in France. Ions were produced from a solution by
a detachable ESI source mounted on the mass spectrome-
ter. The electrosprayed protonated Leu-Enk dimer ions
were introduced from the front side of the mass spec-
trometer and guided through a transfer tube and a sys-
tem of ion lenses into ion trap. Desired precursor ions
[2Leu-Enk+ H]+ were isolated in the trap and irradiated
during about 500 ms by a monochromatic VUV photon
beam, which was introduced from the back side of the

mass spectrometer. The photon beam is produced by an
undulator and monochromatized by a normal incidence
monochromator [13], with a typical bandwidth of 12 meV
and an absolute energy calibration of ±10 meV. High har-
monics of the undulator producing the photons are filtered
out by using a gas filter [13], as well as MgF2 or Suprasil
windows, depending on the photon energy region. A vac-
uum manifold with turbo pumping stage has been used to
accommodate the pressure difference between the beam-
line (10−8 mbar) and mass spectrometer (10−5 mbar). A
fast digitally activated rotating mechanical shutter has
been fitted in the vacuum manifold in order to define the
irradiation time [14]. The mass spectrometer was mounted
on a home-made supporting frame which allows for a fine
tuning of the position of the trapped ions packet with re-
spect to the VUV photon beam, in order to have a high
ion activation efficiency and an optimized signal to noise
ratio.

Trapped ions were activated and fragmented in a re-
peated sequence, during which MS2 spectra were recorded
as a function of a particular photon activation energy. The
ion trapping, the opening of the mechanical shutter, the
recording of the spectra and the photon energy scanning
are synchronized by a home-made software, in order to
perform automated long-period acquisition. The photodis-
sociation ion yields were obtained from the recorded mass
spectra according to the intensity of a desired m/z re-
gion, and normalized to both the precursor intensity and
the photon flux which has been measured separately un-
der the same experimental conditions. Leucine-enkephalin
(Leu-Enk : Try-Gly-Gly-Phe-Leu) was provided by Sigma
Aldrich, from bovine erythrocytes in powder form and sol-
vated with water/acetonitrile (75:25) solution at 10 μM
concentration.

3 Results and discussion

3.1 Tandem mass spectrometry

Figure 2 presents the tandem mass spectrum of Leu-Enk
dimer upon VUV photon activation at 6.7 eV. Clearly,
the most intensive dissociation channel corresponds to the
cleavage of non-covalent bonds between the monomers and
production of the protonated Leu-Enk monomer [M +H]+
at m/z 556.

Nevertheless, a zoom-in in the tandem mass spectrum
reveals that the photon absorption also leads to an inten-
sive peptide backbone (BB) fragmentation, as well as neu-
tral losses. Figure 2b shows that both N-terminal (a,b) and
C-terminal (x, y, z) sequence ionic fragments are formed
upon photoactivation of the Leu-Enk dimer precursor.
Moreover, the dissociation of the dimer produces frag-
ments from BB fragmentation of one peptide which can
stay attached to the other peptide, as can be clearly seen
in the rich fragmentation pattern presented in Figure 2c.
Finally, the most intensive fragmentation channels, beside
the production of the charged monomer, correspond to the
loss of neutral molecules, dominantly tyrosine (m/z 107)
and phenyl (m/z 91), while more intensive loss of H2O,
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Fig. 2. Photo-activation tandem mass spectrum of leucine-enkephalin (Leu-Enk) peptide dimer recorded after irradiation of
[2Leu-Enk+ H]+ precursors at 6.7 eV photon energy. The lower panels (b), (c) show close up of the mass regions up to (m/z 650)
(b) and down to (m/z 800) (c), respectively. The proposed assignments of the fragments are given in the figure, where notation
“M” corresponds to “Leu-Enk”. The theoretical fragmentation of Leu-Enk peptide and the nomenclature of the fragments have
been taken from reference [15].

m/z 28 and CO2 accompanies the direct dissociation to
the monomer units (Fig. 2b).

The measured tandem mass spectra show that even
at the photon energies below the ionization threshold [9],
VUV irradiation of the protonated Leu-Enk dimer pre-
cursor can lead to a rich fragmentation pattern, including
peptide sequence ions and neutral losses. The mechanism
should thus involve an electronic excitation of the precur-
sor due to a resonant photon absorption, followed by a fast
deexcitation to the hot ground state and subsequent frag-
mentation [9]. Therefore, the investigation of the energy
dependence of the dissociation should allow for a direct
mapping of the electronic transitions, as well as of the
VUV photostability of this fragile non-covalent peptide
complex.

3.2 Photodissociation ion yields

Figures 3–6 present photodissociation yields of the se-
lected ionic fragments resolved in the tandem mass spec-
tra, as indicated in Figure 2. The photodissociation inten-
sity of the protonated Leu-Enk dimer is strongly energy
dependent. The photodissociation yield of the dominant
fragment – protonated monomer [M +H]+ – reaches a
maximum at about 7 eV (Fig. 3a). As indicated previ-
ously [9], this intensive sub-ionization photodissociation
occurs from electronically excited states of the Leu-Enk
dimer precursor. The relaxation of the electronically ex-
cited states and redistribution of energy among the vibra-

tional degrees of freedom leads to the dissociation of the
non-covalent complex from the hot ground state. There-
fore, the maximum dissociation intensity directly points
to the strongest electronic transition (absorption band).
Furthermore, the slow decrease of the [M +H]+ ion yield
above 7 eV also indicates that several different absorption
bands in the 6.5–8 eV energy region contribute to the dis-
sociation. The electronic spectroscopy of small peptides
has been theoretically investigated by Serrano-Andrés and
Fülscher [12]. Briefly, electronic structure of the peptidic
backbone may be approximated by a 4-level system in-
cluding two π orbitals involving the amide bond, the
oxygen lone pair and one virtual π orbital involving the
amide [12]. The amide ππ∗ and charge transfer nπ∗ transi-
tions have been tentatively assigned to the 6.5–8 eV spec-
tral region. The contribution of different absorption bands
is even more pronounced for the dissociation accompanied
by loss of small neutral molecules H2O and CO2 (Figs. 3b
and 3c, respectively).

Nevertheless, the loss of neutral amino acids phenyl
and tyrosine is more resonant, as the corresponding pho-
todissociation ion yields (Figs. 4a and 4b) reveal well
defined absorption bands centered at about 6.9 eV. There-
fore, sub-ionization site-specific covalent bond break-
ing and fragmentation of Leu-Enk dimer is conducted
by a specific electronic transition from highest occu-
pied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO). The similar photodissociation
ion yields have been measured for the peptide sequence
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Fig. 3. Photodissociation yields of (a) [M +H]+ (m/z
556.1–556.4), (b) [M +H]+-H2O (m/z 538.08–538.38) and
(c) [M +H]+-CO2 (m/z 512.1–512.4) fragments.

fragments, both isolated and attached to the monomer
(Figs. 5 and 6). The maxima of the measured ion yields,
corresponding to the maximum absorption, are at about
6.8–7.1 eV. Still, the bands of the C-terminal fragments
(x, y) seem to be slightly red-shifted in comparison to
the N-terminal fragments (a,b), although a more detailed
experimental study is needed for a definite conclusion.

3.3 Theoretical modeling of dimer electronic structure

Theoretical description of [2Leu-Enk+H]+ was carried
out in order to better understand the experimental
results. The geometry of the lowest-energy conformer
(CF) were obtained following reference [9], optimized at
B3LYP/6-31+G(d,p) level of DFT after reference [16]
using nwchem [17]. The calculated vertical ionization
energy of this CF is 9.31 eV [9].

The geometry of the lowest-energy CF found of the
bare Leu-Enk dimer is shown in Figure 7. Four HOMOs
are all localized on aromatic groups, as shown in the figure
(not shown HOMO-2 has the same localization as HOMO,
on Phe(n)). LUMO, in contrast, is spread across the BB of
the protonated monomer. LUMO+1 and LUMO+2, fur-
thermore, also occupy about the same position as LUMO,
with more weight on the Tyr(p) end of the monomer.

Given the obtained localization pattern, one could ex-
pect that some excitations of the type HOMO − n →

Fig. 4. Photodissociation yields of (a) [2M + H]+-91 (phenyl)
(m/z 1020.0–1020.3), (b) [2M+H]+-107 (tyrosine) (m/z
1003.98–1004.28) and (c) [2M +H]+-CO2 (m/z 1066.0–1066.3)
fragments.

LUMO + m for n = 0, 1, 2, 3 and m = 0, 1, 2 consist of
transfer of charge from aromatic ring to the BB(p). Tak-
ing into account the well-known electronic stabitility of
the aromatic ring, the main effect of the transfer is weak-
ening of the BB(p) due to the negative charge repulsion
along the bone, leading to the conclusion that protonated
monomer in the dimer is less stable than the neutral. Fur-
thermore, it could be also argued that excitations involv-
ing a charge transfer from the neutral to the protonated
monomer lead to the loss of Tyr(p), since the hole created
by the excitation of electron on Phe(n) is well localized
on the aromatic ring preventing the loss of Phe fragment.
On the other hand, excitations involving transitions that
take place only on the protonated monomer could addi-
tionally initiate loss of Phe fragment, due to the repulsion
between positively charged Phe(p) and the NH+. Never-
theless, a more detailed analysis and definite conclusions
demand for time-dependent DFT theoretical calculations.

4 Conclusion

The present paper reports a detailed experimental study
on photo-induced dissociation of protonated Leu-Enk pep-
tide dimer isolated in the gas phase, at photon energies be-
low the ionization threshold. The results show that photo-
induced electronic excitation of the non-covalent dimer
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Fig. 5. Photodissociation yields of (a) a4 (m/z 397.05–397.35),
(b) b4 (m/z 425.08–425.38), (c) y4 (m/z 393.0–393.3) and (d)
y3 (m/z 336.0–336.3) fragments.

system leads to intensive dissociation to the monomer
units (as expected), but also to backbone destruction and
loss of neutral molecules. Furthermore, the fragmentation
process can end up with the peptide sequence fragments
both isolated and still attached to the monomer.

The intensity of the photo-induced fragmentation of
the protonated Leu-Enk dimer is strongly dependent
on the photon energy. The measured photodissociation
yields of selected ionic fragments reveal the absorption
bands at about 6.7–7.1 eV (185–175 nm). The exper-
imental results have been supported by theoretical de-
scription of the [2Leu-Enk+ H]+ precursors, optimized at
B3LYP/6-31+G(d,p) level of DFT. According to the cal-
culated distribution of HOMO and LUMO, the experi-
mental results and measured fragmentation pattern could
be tentatively rationalized. Finally, the present work is im-
portant for the field of radiation damage and brings new
results revealing the susceptibility of complex biopolymers
to energetic photons.

Fig. 6. Photodissociation yields of (a) M+a4 (m/z 952.92–
953.22), (b) M+ a3 (m/z 805.05–805.35), (c) M+ x4 + 1 (m/z
975.0–975.3) and (d) M + y4 (m/z 948.0–948.3) fragments.

Fig. 7. Geometry of the lowest-energy CF found, shown to-
gether with several frontier orbitals, as indicated in the figure.
HOMO-2 (not shown) is localized on Phe(n) just as HOMO.
LUMO+1 and LUMO+2 (not shown) occupy about the same
part of the molecule as LUMO. (n) and (p) next to the group
name indicate whether the group belongs to the neutral or
protonated monomer, respectivelly.
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ABSTRACT: The photodissociation of gaseous protonated adenosine 5′-
monophosphate (AMP) and the same system hydrated with one water
molecule has been investigated in the 4 to 13 eV photon energy range by
coupling a linear quadrupole ion trap with a synchrotron radiation beamline.
The dissociation of the bare AMP cation upon absorption of a single
ultraviolet (UV) photon below the ionization energy (IE) almost exclusively
produces the protonated adenine base, with a measured photodissociation
yield showing spectroscopic features with dominant absorption bands
located at 4.75 and 6.5 eV, found in agreement with TD-DFT calculations.
Nevertheless, the addition of a single water molecule to the system modifies
the dissociation energy dependence and strongly suppresses the cleavage of
the glycosidic CN bond below the IE. Both the experimental and theoretical
results suggest that a single solvent molecule can intrinsically influence the
structure and physicochemical properties of the AMP cation, including its
UV induced dissociation pattern, beyond the simple water evaporation.

SECTION: Spectroscopy, Photochemistry, and Excited States

The photostability of DNA and RNA against ultraviolet
(UV) radiation is a crucial issue for the understanding of

life’s development and evolution, particularly regarding the
conservation of the genetic information. These molecules
strongly absorb in the UV region,1 which should make them
vulnerable to photon-induced alteration. Although an immense
number of publications have been devoted in recent years to
photophysics of DNA building blocks,1−5 this topic is still
attracting a large scientific attention focusing on DNA
photostability mechanisms. Particularly, 266 nm photodestruc-
tion of both protonated and deprotonated AMP nucleotide
isolated in vacuo has been reported in 20036 and followed by
intensive investigation of the AMP molecule. However, to our
knowledge, the photodynamic of isolated nucleotides has not
been studied over a broad UV and vacuum ultraviolet (VUV)
domain.
Moreover, functions and properties of biomolecules are in

nature intrinsically linked to their aqueous environment. The
recent development of experimental techniques has allowed
investigations of the effect of solvation down to a limit of only a
few solvent molecules (nanosolvation or microsolvation). For
example, it has been shown that even one, two, or three water
molecules can strongly affect chemical reaction dynamics,7

peptide structure,8 or the stability of a fragile peptide dimer.9

Recent pioneering experiments have investigated dissociation of
electrosprayed nanosolvated deprotonated adenosine 5′-mono-
phosphate (AMP) nucleotide anions, induced either by
energetic collisions with neutral atoms (Ne, Na)10 or by
electron capture.11 Nevertheless, although the latter studies10,11

are relevant in the context of high-energy photon interaction
with DNA and radiation damage due to secondary electrons,12

they do not investigate directly the role of nanosolvation in
ubiquitous high-energy photon interaction with DNA building
blocks. It should be noted that there is a long-standing effort to
understand solvent effects in DNA photophyics, including a
number of results from solution (see refs1, 13, and references
therein), as well as studies on DNA bases microhydration in the
gas phase.14

In this Letter, we report on UV action spectroscopy of
protonated AMP molecule (Figure 1) isolated in the gas phase
and on the same system hydrated with a single water molecule,
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performed by coupling a linear ion trap with a VUV
synchrotron radiation beamline.15−17 The photodissociation
yield of [AMP + H]+ appears to be strongly energy-dependent,
with structures observed on the action spectroscopy of AMP
over a large UV energy domain (4−13 eV). Moreover, we
found that hydration by a single water molecule significantly
influences the precursor dissociation magnitude below the
ionization energy (IE) as well as its energy dependence.
Molecular dynamics (MD) and high-level density functional
theory (DFT) calculations have been performed to understand
the role of nanosolvation upon UV irradiation.
Figure 2a,b present tandem mass spectra (MS2) upon

collision induced dissociation (CID) of the bare [AMP + H]+

and hydrated [AMP + H2O + H]+ precursors, respectively. For
the hydrated precursor, one of the main CID fragmentation
channels corresponds to the loss of the water molecule (m/z
348). It should be noted that we cannot exclude that some low-
abundant peaks (Figure 2b,d,f) may indicate the presence of
isobaric interfering ions but which are of lower abundance
compared to the hydrated AMP protonated precursor and
should not influence the discussion about UV induced
fragmentation of AMP presented in the paper. For the
following discussion, it is important to note that the hydrated
cations can lose water by thermal evaporation during the
trapping time even without any collisional or photon-induced

activation, producing the m/z 348 fragment with a relative
intensity of about 0.15%.
Figure 2c,e (left column) display MS2 spectra of the bare

protonated AMP precursor upon photon irradiation at two
different energies below the IE. The results show that UV
single-photon absorption practically exclusively leads to the
cleavage of the glycosidic NC bond and formation of the
protonated base fragment [A + H]+. The present results are
qualitatively in good agreement with the recent photo-
dissociation studies at 266 nm (≈ 4.7 eV) and 260 nm (≈
4.8 eV) of protonated AMP,18,19 respectively. Still, some
differences in fragmentation patterns, such as higher abundance
of the fragment corresponding to the phosphate loss from
protonated AMP,19 might come from a different time scale of
the experimental setups. Indeed, in ion traps, the ions are
provided with much longer time to fragment than in sector
instruments, which may affect the observed fragmentation
patterns20 (the time that ions have to fragment in the present
case extends up to the irradiation time, which was about 500
ms). Note also that different abundance of fragments relative to
the precursor may be due to different photon fluxes of
synchrotron monochromatic and pulsed laser beams. Consid-
ering the present results at two different resonant energies, the
fragmentation pattern appears to be very similar. Still, the
abundance of protonated base increases, whereas traces of
additional fragments can be seen at 6.5 eV.
The present experiment confirms a fundamentally different

nature of UV photodissociation of the protonated AMP with
respect to that of the deprotonated one,18,22 for which a rich
fragmentation pattern has been measured.3,18,23 The latter
results for [AMP − H]− anion suggests a mechanism that
begins with a ππ* electronic transition, followed by fast internal
conversion to a vibrationally hot electronic ground state that
ends up with a number of thermal fragmentation channels.3 In
contrast to the deprotonated case, [AMP + H]+ exclusively

Figure 1. Schematic drawing of the protonated AMP molecule.

Figure 2. (a,b) Tandem mass spectra (MS2) of the [AMP + H]+ (m/z 348) (a) and [AMP + H2O + H]+ (m/z 366) (b) precursor cations upon
collisional induced dissociation (CID). (c−f) MS2 of bare protonated precursor [AMP + H]+ (c,e) and the hydrated one (d,f) upon photon
activation at 4.75 and 6.50 eV. The lower part of the spectra (black line) up to m/z 320 at the energy of 4.75 eV (c,d), corresponding to
photofragmentation, has been normalized to the photon flux with respect to 6.50 eV (the photon flux at 6.5 eV was about 5 times higher). The insets
show a zoom-in of the selected m/z regions. The structures of “c” and “d” fragments formed upon sugar moiety decomposition are given
elsewhere.21
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photodissociates through the direct cleavage of the CN
glycosidic bond, suggesting a possible fast fragmentation
directly from the excited electronic state.
The addition of one water molecule to the protonated AMP

markedly influences the photodynamic of the nucleotide. First,
photodissociation yields of the hydrated precursor seems to be
about 3−4 times lower than of the bare precursor. Second,
photon absorption leads to the dissociation into both the bare
protonated base [A + H]+ and the protonated base bound to a
solvent water molecule [A + H2O + H]+ (m/z 154, see
Supporting Information Figure S2), as confirmed in an MS3

scheme experiment (Supporting Information Figure S1).
Clearly, the latter fragment represents the dominant
fragmentation channel. Third, though CID of [AMP + H2O
+ H]+ leads to an intensive loss of H2O (Figure 2b), this
process is barely detectable upon VUV photon absorption (see
below). It should be noted that the previous work has shown
that the photofragmentation of an organic compound can be
strongly affected by clustering with even a single Xe atom;24

therefore, the present results are important for further
elucidating the role of the gradual water solvation in
photochemistry of biomolecules.
Theoretical description of [AMP + H]+ with and without

H2O was carried out in order to better understand the
experimental results. The geometries of low-energy conformers
(CFs) were found by using the genetic algorithm approach with
classical force field geometry optimization followed by DFT
optimizations at the M06-2X/6-311G(d,p) level,25,26 where
about 50 low-energy CFs were considered.
Figure 3 shows the lowest-energy geometries of the hydrated

and nonhydrated CFs (see Supporting Information Figures S3

and S4). Both DFT and MP227 give the same geometry as the
lowest-energy CF for both precursors, and the obtained energy
difference between CF1′ and CF2′ is within the uncertainty of
the calculations. Furthermore, all low-energy CFs found have
their highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) centered upon the
adenine base (A), with only a small electronic density extending
over the rest of the ion. It is important to note that upon
hydration, there are two qualitatively different water H-
bondings: (i) to the P-group away from the base A (CF1′ in
Figure 3) and (ii) by forming a bridge between the P-group and

A (CF2′ in Figure 3). Therefore, upon single photon
absorption by adenine chromophore, leading to NC bond
cleavage, two main fragments are expected: bare protonated
base from CF1′ and hydrated protonated base from CF2′,
which is in agreement with our experimental findings (Figure
2d,f). Still, significantly lower intensity has been measured for
the [A + H]+ fragment, suggesting much smaller abundance of
CF1′ type conformers or intensive competitive production of
small fragments that cannot be detected. The calculated vertical
ionization energies (VIEs) of CF1, CF1′, and CF2′ are 12.53,
12.48, and 12.12 eV, respectively. The binding energies of water
in the two CF’s are 69 and 69.5 kJ/mol, respectively (∼0.72
eV).
The energy dependence of the photodissociation of [AMP +

H]+ and [AMP + H2O + H]+ precursors is presented in Figure
4a,b. The photodissociation of [AMP + H]+ below IE into [A +
H]+ (dominant channel) is strongly resonant. The first
absorption band at about 4.75 eV (≈260 nm), corresponding
to the strong 1(ππ*) transition,1 is well known for the adenine
base and has been extensively investigated in laser based
experiments. Particularly, the most recent paper by Pedersen et
al.19 reports the action spectra up to 5.8 eV of protonated AMP,
the photodissociation yield of [A + H]+ fragment showing a
broad band centered at about 4.7 eV, in very good agreement
with the present results.
Furthermore, the present results also reveal a second

absorption band centered at about 6.5 eV, which appears to
correspond to the dominant photodissociation channel for the
bare precursor. Experimental results are in a very nice
agreement with the present theoretical absorption spectrum
calculated using time-dependent B3LYP/6-31+G(d,p) (Figure
4a,d for CF1), confirming that [AMP + H]+ strongly dissociate
only upon ππ* type transition at adenine site (it should be
noted that there can be several different conformers present in
the experiment at room temperature). On the other hand,
fragmentation into the [d − H]+ ion, which involves cleavage of
several bonds,21 starts to be important only at higher energies.
It should be noted that previous calculations report 3(ππ*),
4(ππ*) excitations of adenine to be in the range from 6.2 to 6.7
eV.28 Higher energies, where both more electronic transitions
(due to increased density of states) and the ionization process
become available, were not included in the present theoretical
modeling.
The photoion yields upon excitation of hydrated precursor

(Figure 4b) reveal the absorption bands at about the same
positions as for the bare one, in line with the most recent
measurements of the absorption spectra of protonated bare and
monohydrated adenine, where no difference was seen upon
water addition.19 However, there is a lowering of the resonant
photodissociation of protonated AMP in the whole UV and far-
UV energy region, induced by the presence of a single solvent
molecule. This might be regarded as a surprise considering both
the present CID experiment (Figure 2b) and the previous
studies on nanosolvated deprotonated AMP,10,11 where 12
water molecules were needed to protect deprotonated AMP
against energetic collisions with neutrals,10 whereas the electron
capture induced dissociation even increased with increasing
solvation.11 Furthermore, previous studies in solutions have
shown that solvent did not seem to influence ultrafast de-
excitation through conical intersections.1

Nevertheless, the photodissociation of protonated AMP is
not likely to proceed through an ultrafast de-excitation followed
by vibrational cooling from the hot ground state. Indeed, if this

Figure 3. Lowest energy conformers structure found for [AMP + H]+

(CF1) and [AMP + H2O + H]+ (CF1′, CF2′) at M06-2X/6-
311G(d,p) level of DFT. The protonated AMP (CF1) has the N3
protonation site.
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mechanism would become operative upon hydration, one
would expect an intensive loss of the noncovalently attached
water molecule, as measured in the present CID experiment
(Figure 2b). The most recent paper by Pederesen et al.19 also
reports the water loss to be the dominant fragmentation
channel upon UV (260 nm) photodissociation of mono-
hydrated protonated adenine base (note that de-excitation of
protonated adenine is an ultrafast process19). On the contrary,
no photon-induced water loss from the protonated mono-
hydrated AMP can be detected below the IE in the present
experiment (see Figure 4c). We should note that low m/z ions,

such as NH4
+, H3O

+, or H+, cannot be detected with the
present setup. Although the adenine base possesses higher
proton affinity than the water,29 this might not be crucial when
such large amount of energy is dumped into the ion; thus, we
cannot exclude that part of it is channeled into ejection of small
fragments. Still, it should be noted that the recent results19 do
not show signal from H3O

+ ion upon dissociation of
monohydrated protonated adenine. Therefore, although we
cannot completely exclude that part of the absorbed energy is
channeled into ejection of low-mass fragments (due to
monohydration-induced change in the precursor fragmentation
pattern), the single-water solvation-induced frustrated UV
photodissociation of the protonated AMP may be intrinsically
related to the structure of the hydrated complex.
The calculated absorption spectra for the lowest-energy

hydrated CFs are also shown in Figure 4d. The spectra for CF1
and CF1′ geometries are nearly identical in terms of both
intensity and spectral distribution, clearly indicating that
hydration on the phosphate site has only a minor effect on
photoabsorption. Hence, there could be either a very low
abundance of CF1′ type precursor or the dissociation to
protonated base from CF1′ is not a preferential channel (as
discussed above). At the opposite, the bridge-hydration (CF2′)
significantly modifies the UV absorption properties of AMP.
First, instead of a particular strong narrow band, the oscillator
strengths (OSs) are redistributed over more numerous
transitions, thus effectively reducing the resonant absorption.
Furthermore, this OS redistribution can increase transition
probabilities from nonbonding orbitals, thus again effectively
reducing the dissociation yield. For example, CF2′ shows a
double peak at ∼4.8 eV, where about 50% OS corresponds to
the transition from a nonbonding (HOMO-1) to LUMO.
It should be noted that the lowest-energy protonated AMP

CF found (Figure 3) has the N3 protonation site (see Figure
1), in agreement with the previous study by Touboul et al.30

reporting that the N3 position is the most favorable site of
protonation for adenosine, in contrast with adenine (N1).
Interestingly, the absorption bands of protonated AMP and
adenine molecules overlap,19 although previous UV measure-
ments showed red-shifted absorption of N3 protonated adenine
in reference to N1 adenine (see ref 19 and references therein).
The current understanding of the fragmentation mechanisms

of gas phase bare and hydrated AMP ions is briefly summarized
as follows. The CID occurs on the ground electronic state after
statistical redistribution of the absorbed energy over vibrational
modes. Photoexcitation can lead to both statistical and
nonstatistical fragmentation: (a) [AMP − H]− undergoes fast
internal conversion to a vibrationally hot electronic ground
state, followed by thermal (statistical) fragmentation;3 (b)
[AMP + H]+ dissociates directly from the excited electronic
state (according to the present study and refs 18 and 19); (c)
[AMP + H2O + H]+, we propose that the dissociation also
occurs from the excited states, before vibrational energy
redistribution.
In summary, UV/VUV photodissociation of both bare and

monohydrated protonated AMP nucleotide isolated in the gas
phase has been measured as a function of the photon energy.
The experimental results show strong [AMP + H]+ dissociation
bands centered at ca. 4.75 and 6.5 eV, in agreement with
calculations. Nevertheless, our study shows that a single-water
solvation inhibits dissociation, this effect being more likely due
to intrinsic structural changes than to the vibrational cooling
from the hot ground state. It should be noted that before the

Figure 4. Photodissociation yields of protonated adenine base [A +
H]+ (circles) and [d − H]+ (diamonds) fragments from the bare
protonated adenosine monophosphate [AMP + H]+ precursor (a) as
well as [A + H]+ (up triangles) and [A + H2O + H]+ (down triangles)
from the hydrated protonated AMP precursor [AMP + H2O + H]+

(b). (c) The yield of [AMP + H]+ fragment from [AMP + H2O + H]+

precursor, corresponding to the loss of a single water molecule as a
function of the photon energy. The dashed line marks the average
water loss upon thermal evaporation from the ion precursor, without
photon irradiation. (d) Time-dependent B3LYP/6-31+G(d,p) calcu-
lated absorption spectra of CFs from Figure 3. Curves are obtained
from the sticks by a 0.1 eV Gaussian convolution of the calculated
transitions, providing a guide to the eye (the curve for CF1 is also
plotted in panel a as a full line, normalized to experiment at 4.75 eV).
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(mainly) biogenic oxygenation31 of the early Earth, its
atmosphere was transparent to VUV. Therefore, the present
study on UV-induced AMP degradation is of particular
importance regarding radiation damage of biomaterial and
DNA photostability.

■ EXPERIMENTAL SECTION
Our experimental setup for VUV tandem mass spectrometry
(MS2) and action spectroscopy of large biomolymer ions
isolated in the gas phase has been described in recent
publications.15,16 Briefly, it includes a commercial linear
quadrupole ion trap mass spectrometer (LTQ XL; Thermo
Fisher) coupled to the DESIRS VUV beamline17 at the
SOLEIL synchrotron facility. The ions are produced by an
electrospray ion (ESI) source and introduced into the trap from
the front side. After isolation of a desired precursor, the
monochromatic photon beam, with a typically bandwidth of 12
meV and an absolute energy calibration of ±10 meV, is
introduced from the backside of the trap during a well-defined
period (500 ms in the present case). High harmonics of the
undulator are filtered off by using a gas filter,17 as well as MgF2
or Suprasil windows, depending on the photon energy region.
After irradiation, action mass spectra for the desired precursor
ion were recorded as a function of the photon energy and
normalized to the photon flux.
Both protonated AMP (Sigma-Aldrich) and hydrated

protonated AMP ions were generated by the ESI source from
a pure water solution at 100 μM. An appropriate combination
of parameters, such as the concentration of the solution,
transfer tube temperature, voltages, and sheath gas flow rate,
was optimized in order to maximize the production of hydrated
clusters.
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ABSTRACT: Understanding the correlation between pro-
teins’ tertiary and electronic structures is a great challenge,
which could possibly lead to a more efficient prediction of
protein functions in living organisms. Here, we report an
experimental study of the interplay between electronic and
tertiary protein structure, by probing resonant core excitation
and ionization over a number of charge-state selected
precursors of electrically charged proteins. The dependence
of the core ionization energies on the protein charge state
shows that the ionization of a protonated protein is strongly
correlated to its tertiary structure, which influences its effective
Coulomb field. On the other hand, the electronic core-to-
valence shell transition energies are not markedly affected by
the unfolding of the protein, from compact to totally elongated structures, suggesting that frontier protein orbitals remain
strongly localized. Nevertheless, the unfolding of a protein seems to influence the cross section ratio between different resonant
electronic transitions.

Proteins are essential for living organisms, as they
accomplish numerous vital biological functions. Consti-

tuted by different polypeptide chains, proteins have in common
that their functions are closely related to their three-
dimensional molecular structures.1 Therefore, long-standing
research, stimulated at the same time by outstanding
technological development, has been devoted to determine
the average structure of a protein.2 However, both the
structural and the dynamical properties of proteins should be
considered to rationalize their behavior and accurately predict
their biological function.3 The electronic structure of a protein
is fundamentally correlated with its atomistic representation.
Therefore, it appears important to gain a deeper understanding
of the interplay between the protein electronic structure and its
folding, as it could help develop methods to predict protein
activity.4,5 In order to achieve this goal, we propose an
experimental approach to probe, by near edge X-ray absorption
fine structure (NEXAFS) action spectroscopy,6 the electronic
structure of isolated protein ions, with some control on their
three-dimensional structure provided by their level of
protonation.7 For this we use the high sensitivity and selectivity
of the tandem mass spectrometry (MS2) with the high

brightness of a third-generation tunable soft X-ray synchrotron
radiation source.
NEXAFS has already been established as a very sensitive

method to probe the electronic structure of a wide range of
samples, including biologically relevant molecules and bio-
polymers.8 In recent years, proteins have come into the focus of
NEXAFS, and several studies have been reported on the
potential of the method to investigate protein electronic
properties and even to elucidate (at least tentatively) their
primary structure in combination with modeled spectra.9,10 In
NEXAFS studies of biomolecules, the X-ray absorption
efficiency is probed by scanning the photon energy throughout
the K-shell absorption edges. Therefore, the NEXAFS spectral
features correspond to resonant excitation of a core electron to
unoccupied molecular orbitals. Nevertheless, all mentioned
studies with proteins were performed on thin organic films,
thereby preventing control of the target’s charge state and
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structure. To overcome these limitations, gas-phase study of
proteins should be performed instead.
In the past two decades, mass spectrometry appeared as a

very efficient tool to study the structure of proteins from their
primary structure11 up to the structure of their supramolecular
edificies.12 Recently, the introduction of the vacuum-ultraviolet
(VUV) activation MS2 has allowed determination of the
binding site of a ligand on an intrinsically disordered protein,
whereas classical techniques failed.13 Among the different
applications of this technique, one of the most exciting
possibilities offered by such in vacuo spectroscopy of biological
macromolecules is the investigation of their fundamental
physicochemical properties.
As a proof of principle for our proposed method, we

produced desolvated ubiquitin protein, in gas-phase, in different
charge states ranging from +4 to +11, by means of electrospray
ionization. Subsequent isolation of a selected cation, with a
specific charge state, in an ion trap mass spectrometer allows us
to manipulate, at least partly, its tertiary structure from a
compact to an elongated geometry.7,14 After activation of the
ionic precursor by soft X-ray synchrotron radiation, a mass
analysis of the produced ions is achieved (MS2). Finally, from
the recorded MS2, a relative yield of the ionization products can
be determined as a function of the photon energy, thus
enabling construction of the NEXAFS action spectra (X-ray ion
yields) for a desired charge-state precursor (see details below).

The relationship between protein structure and charge states is
now established.15 Particularly, the case of ubiquitin has been
extensively studied by ion mobility.16 It appears that the most
important structural transitions occur for states at the boundary
of the elongated region. It is important to note that, in our
experiments, the ion storage times are long enough to ensure
that the sample has already reached equilibrium. Indeed, it
requires several tenths of milliseconds from the ionization to
the storage of the target ion, which is much longer than the
folding dynamics of ubiquitin.17

In our previous work in the VUV domain, we have found a
strong correlation between the folding of a gas-phase protein
and its valence-shell ionization energy (IE).7 We have also
reported that an electrostatic model could be used to relate the
valence-shell IE of an isolated-charge protein to its charge state
and the effective radius.7 An interesting question logically
arises: Is a similar correlation seen for K-shell IEs? If the
measured K-shell IEs shift in the same way, it would suggest
that the unfolding of a protein changes the screening Coulomb
field that affects only the ionized electron; that is, the measured
correlation is a final state effect that generally relates protein’s
tertiary structure with its ability to be ionized by any means.
Along this line, the gas-phase action NEXAFS spectroscopy can
be also used to probe the protein’s structure. In this letter, we
demonstrate a strong correlation between K-shell and valence-
shell IE dependence on the protein’s charge state, suggesting

Figure 1. (a) Schematic representation of the X-ray K-shell excitation/ionization of a protein, followed by Auger decay and production of ionized
cations, which are detected in the experiment. (b) Tandem ESI/photoionization mass spectrum of 5+ (m/z 1714) ion of ubiquitin protein, obtained
after 500 ms of irradiation at a photon energies of 288.2 eV. (c,d) Single (SI, [M+5H]6+, 6+ charge state, m/z 1427−1429), double (DI, [M+5H]7+,
7+ charge state, m/z 1223−1225), and triple (TI, [M+5H]8+, 8+ charge state, m/z 1071−1073) C and N K- edge photoionization yields of the 5+
charge state precursor [M+5H]5+ of equine ubiquitin protein.
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that the electrostatic model reported in Giuliani et al.7 also
holds for inner-shell ionization. Moreover, unlike in the
valence-shell ionization studies where only the IE can be
measured, the analysis of the pre-edge features in soft X-ray
absorption spectroscopy could be an additional guide to
understand the interplay between electronic and tertiary
protein structure.
The ionization of the photoexcited precursor at photon

energies below the inner-shell ionization energy (IE) is the
consequence of resonant Auger decay,6,18 which can be briefly
summarized as follows (see Figure 1a): The core (1s) electron
resonantly absorbs the photon and is promoted to an
unoccupied, bound molecular orbital, forming a highly excited
electronic state, which decays in the femtosecond time range.19

A valence electron fills the core vacancy, and the target relaxes
by the ejection of an electron. Depending on whether the
initially excited electron participates in the decay process, the
process may be qualified as a participator (usually much less
efficient18) or as a spectator, respectively. Also, it is generally
energetically possible that more than one valence electron is
ejected, leading to multiple resonant Auger decay.20,21 There-
fore, the processes resulting from K-shell photoexcitation of the
isolated n-time multiply charged protein precursor in the
present experiment can be represented by the following
formula:

ν+ + → + * → + ++ + + +• −n h n n k[M H] ([M H] ) [M H] en n n k( )

(1)

(k = 1,2,...)
In the case where the photon energy is larger than the K-shell

IE, the core 1s electron is ejected into the ionization
continuum, forming a core vacancy that initiates the normal
Auger decay resulting in at least doubly ionized precursor:

ν+ + → + * +

→ + + +

+ + + −

+ + +• −

n h n

n k

[M H] ([M H] ) e

[M H] ( 1)e

n n

n k

( 1)

( 1 ) (2)

(k = 1,2,...)
In both cases 1 and 2, the formed radical cation can undergo

further fragmentation. However, as reported previously for
cytochrome c,6 the susceptibility of gas-phase proteins to soft
X-ray-induced fragmentation appears to be drastically different
than it is for their amino acid building blocks, and peptides.22

Indeed, as seen in Figure 1b for an example of the 5+ charge
state precursor of ubiquitin [M+5H]5+, the ionization process,
accompanied by low-mass neutral losses, represents the
dominant relaxation channel upon resonant (C 1s → π*amide)
X-ray absorption by ubiquitin. In this respect, fragmentation to
small ionic fragments below the presented cutoff of about m/z
500 is negligible. The neutral losses from the ionized species
produce fragments at masses close to the precursor, which
appear just next to the main single ionization (SI), double
ionization (DI), etc. peaks toward lower m/z, clearly resolved in
the present work. Based on this fact, the present communica-
tion is focused on the ionization process as a way to probe the
protein electronic structure. The signal between SI, DI, etc.
processes is due to the weak fragmentation channels, but
discussing these processes would be out of scope of the present
Letter.
The partial ion-yield X-ray absorption spectra have been

obtained from the mass spectra recorded as a function of the
photon energy, after normalizing the integrated intensity of the
SI, DI, and triple ionization (TI) peaks to both the total ion
current and the photon flux. As explained above (see eq 1 and

Figure 1a), the SI is exclusively triggered by resonant 1s
excitation to unoccupied molecular orbitals (and neglecting the
valence-shell ionization in this photon energy range). There-
fore, the measured SI partial ion-yield X-ray absorption spectra
in the present experiment represent the action NEXAFS
spectra. Indeed, as also reported in our previous work,6 the SI
curve exhibits a rich spectroscopic structure allowing one to
clearly resolve features that match perfectly with previously
reported results from NEXAFS spectroscopy of thin protein
films.9,10 For example, electronic transitions from C 1s to
molecular orbitals corresponding to π*CC (aromatic) at 285.3
eV and π*amide (peptide bond) at 288.2 eV, as well as from N 1s
to π*amide at 401.2 eV (bands A, B and D, respectively, in Figure
1c,d). Note that the spectra in Figure 1c are not background
subtracted; therefore the direct valence-shell photoionization
remains low and will thus be neglected in the following
discussion, as it is known that its cross section (CS) is
monotonously decreasing with photon energy.
Figure 1c,d also presents DI partial ion-yield X-ray

absorption spectra (red circles). In contrast to the SI ion-
yields discussed just above (blue squares), the DI curves clearly
show an onset at about 294 and 408 eV, for C and N K-edge,
respectively. The onsets correspond to the opening of the
direct ionization channel (see Figure 1a) above the K-shell IEs.
Note that the double ionization of the precursor below the C
K-shell IE is dominantly produced by multiple resonant Auger
decay (Figure 1a), triggered by the resonant 1s excitation.
Therefore, the shape of the relative [M + nH](n+2)+ ion yield
curve (DI) below the onset should closely reproduce the one of
the relative [M+nH](n+1)+ ion yield curve (SI), which is indeed
shown in Figure 2 for the case of 5+ charge state precursor.

Having this in mind, the subtraction of the normalized SI from
the DI ion-yields should leave only a threshold curve that shows
the contribution from the direct K-shell ionization (which is
possible only above the IE). Figure 2 presents such a threshold
curve for the case of 5+ charge state ubiquitin, together with a
linear model fit that determines IE(5+) at 294.3 ± 0.2 eV (the
error bars reflect the uncertainty due to both the fit and the
selected fitting range). It is interesting to note that normalized
SI and DI ion-yields, in fact, are different around the peak B,
suggesting that the branching ratio might depend on the K-shell

Figure 2. Normalized single (SI, [M+5H]6+, m/z 1427−1429) and
double (DI, [M+5H]7+, m/z 1223−1225) C K-edge photoionization
yields of the 5+ charge state precursor [M+5H]5+ of ubiquitin protein.
Circles represent a difference DI − 0.15 × SI, resulting in normal
Auger decay contribution of DI yields fitted to a linear threshold
model (line).
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excitation energy (note that DI can include both double Auger
ionization and Auger cascade processes). Still, this relatively
small effect does not influence our adopted fitting procedure to
determine IEs.
In order to determine the charge-state dependence of the C

K-shell IE of ubiquitin, the C K-edge ion yields (as shown in
Figure 1c) were measured for a number of charge states, in the
range from 4+ to 11+ and the IEs were extracted following the
procedure described above (see Figure 2). The obtained C K-
shell IEs are plotted against the protein charge state in Figure 3,

together with the valence-shell IEs of ubiquitin reported
recently.7 Both curves show that an increase of the charge state
of a folded protein (compact structures) would increase the IE,
but as soon as the protein starts to unfold at higher protonation
levels (transient structures), the effective IE remains more or
less constant until the protein is totally unfolded14 (elongated
structures). Our results show that near K-edge X-ray spectros-
copy has the ability to probe the tertiary structure of a protein
in vacuo, simply by measuring the core IEs.
The C K-edge photoionization yields of ubiquitin for

different precursor charge states in the overall range from +4
to +11 are compared in Figure 4a (see Supporting Information
for all measured charge states). It is important to note that all
curves in each panel in Figure 4a have been measured
sequentially in the same experiment (see Experimental
Section). This procedure ensures that the energy positions of
spectral features relative to each other for different charge states
are not affected by the absolute calibration of the energy scale
(see Experimental section). Furthermore, the extracted spectra
presented in Figure 4 are normalized to the same area (after
subtraction of the background obtained as an average signal
below 284 eV) in order to avoid a possible influence of different
experimental conditions, particularly the target density in the
trap. Indeed, according to the Thomas−Reiche−Kuhn sum
rules, the area below the NEXAFS spectrum should be
conserved along the charge states series.
The present measurements clearly show that the energies of

the C 1s → π*CC (aromatics, 285.3 eV) and C 1s → π*amide
(peptide bond, 288.2 eV) transitions are practically not affected
by the increase of the precursor protonation from +4 to +11, at
least within the limit of the present experimental uncertainty of
about 0.1 eV. Supporting Figure 1 also shows that both the

shape and the width of the dominant band are not affected by
the protonation. The same conclusions stand for the N 1s →
π*amide transition, as well, although less charge states have been
probed in the case of N K-edge (see Supporting Figure S2). On
the other hand, the relative intensity of the dominant C 1s →
π*amide resonant transition (peak B in Figure 4a) markedly
depends on the protonation level as shown in Figure 4b.
Our present finding, that the resonant excitation energies are

not markedly affected by the protonation (Figure 4a), may be
seen as a surprise. The protonation/deprotonation of amino
acids affects the charge distribution in the vicinity of their
functional groups; therefore it should have a strong influence
on the energetics and electronic structure of biomolecules,
indeed reported previously for smaller biomolecules.23 On the
other hand, the X-ray absorption spectroscopy (XAS) does not
provide information on the absolute energies of the states
involved in the absorption process.24 Therefore, the measured
core excitation energies may not apparently depend on the
protonation if both the core and the unoccupied valence states
are similarly affected. Brown et al.24 have recently shown this
effect for protonated formic acid by combining XAS and X-ray
photon spectroscopy (XPS) in a liquid microjet study.
However, it is important to point out that in the present case
the target biopolymer is significantly larger and is not solvated.
Indeed, ubiquitin is a 76-residue protein4 (see Supporting
Information, Figure S3), so in the whole range explored, from
+4 to +11 charge, one can estimate that only about 5% to 15%,

Figure 3. K-shell (circles) and valence-shell (squares)7 ionization
energies of protonated ubiquitin precursor as a function of the charge
state.

Figure 4. (a) Single C K-edge photoionization yields of the ubiquitin
cation for different charge states. Dashed vertical lines mark the
maximum of the A (1s → π*CC [aromatic]) and B (1s → π*amide
[peptide bond]) bands. (b) The intensity at the maximum of the B
peak as a function of the precursor charge state.
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respectively, of all possible local core−electron transitions to
π*amide are affected by the additional charge on the functional
group. Therefore, even in the case of large energy shifts, the
overall contribution to the measured signal may be intrinsically
hidden by the signal associated with the rest of the protein.
Although the protonation itself should not affect significantly

the core excitations in the present case of a large protein
complex, it should also be considered that the level of
protonation defines at the same time the protein’s three-
dimensional structure in the gas phase.14,16 Therefore, we
simultaneously probe the influence of protein folding on core−
electron excitation. In this respect, two different effects can be
studied according to the results presented in Figure 4 (and the
Supporting Information): (a) the K-shell excitation energies−
according to the position of the bands (thus the energy of the
unoccupied molecular orbitals) and (b) the relative intensity of
different types of transitions (e.g., excitation to π* or σ*
orbitals). Considering the former case (a), the folding/
unfolding of the protein apparently does not affect significantly
the core excitation energies to unoccupied frontier molecular
orbitals. Starting from the fact that core excitation is of a very
local character,8,25 the present experimental results suggest that
the unoccupied frontier protein orbitals are practically
unaffected by the change of the tertiary protein’s structure,
even in the whole range from compact to totally unfolded and
elongated structures. This result is in agreement with the
prediction of previously reported complex quantum mechanical
calculations for ubiquitin4 and enzymes5 that frontier orbitals of
a protein are very localized and not affected by its dynamics. It
should be noted that the measured action NEXAFS spectra do
not exclude a possibility that the protein unfolding affects both
the core and the unoccupied molecular orbitals, thus not
significantly affecting the resonant transitions24 (note that
photoelectron spectroscopy cannot be performed in the present
experiment because electrons cannot be extracted from the
radiofrequency ion trap to be analyzed). Indeed, the
protonation clearly produces a shift of the K-shell ionization
energies. Nevertheless, there is a very good correlation between
the valence and the K-shell IEs (Figure 3), suggesting that both
effects represent a final state effect, which is intrinsically related
to the spatial rearrangement of the charged protein. The latter
affects the effective Coulomb field that influences only the
ionized electron, as shown in our previous work.
On the other hand, the relative intensity of the bands

corresponding to C K-shell excitations to the π* state, as seen
in Figure 4b, appears lower for lower charge states and
increases with the charge state, as the protein unfolds.
Interestingly enough, this increase is most pronounced in the
transition from compact to unfolded structures. And it should
be noted that a similar dependence has been also found for the
aromatic peak A. Therefore, the tertiary structure of the protein
seems to affect the relative intensity of the core-to-valence π*
transitions, the latter being less pronounced in a folded protein.
Previously, Zubavichus et al.10 investigated the formation of a
macromolecule that gave rise to a 20−25% attenuation of the
π* resonances in the spectra, which they tentatively interpreted
as a manifestation of conformational flexibility. The authors
suggested that the molecular mass and structural flexibility of
biological macromolecules could influence the NEXAFS
spectra, but further research was lacking to reach solid
conclusions. Indeed, the present experimental results suggest
that the folding of the ubiquitin protein may induce a
noticeable suppression of the π* resonances (about 10%) in

its C K-edge ion yield spectra. Following previous studies,26 this
effect can be tentatively explained by a geometrical rearrange-
ment of C atoms with respect to each other.
In conclusion, the present experimental results provide a very

first demonstration of the interplay between electronic and
tertiary protein structure, by probing resonant core excitation
and ionization over a number of charge-state selected
precursors. The dependence of core ionization energies on
the protein charge states was found to be in strong correlation
with valence-shell ionization, showing that, generally, the
ionization of a protonated protein is strongly correlated to its
tertiary structure that influences its effective Coulomb field. On
the other hand, the unfolding of the protein, from compact to
totally elongated structures, practically does not influence the
resonant transition energies. This experimental result is in favor
of recent theoretical predictions that frontier protein orbitals
remain strongly localized in a protein45. Nevertheless, the
unfolding of a protein seems to influence the intensity ratio of
different core-to-valence resonant transitions.
Finally, an interesting perspective deserves to be mentioned:

the high efficiency of the X-ray-induced resonant ionization, as
experimentally shown in the present measurements, clearly
confirms the possibility to raise-up the production of low-
energy, secondary electrons in a protein sample by orders of
magnitude, by simply tuning the photon energy near the C K-
edge. As pointed out in a recent theoretical study,18 this can be
of particular importance in radiation damage-related research,
since the low-energy secondary electrons that interact with
neighboring molecules may be a very effective source of bond
breaking.27

■ EXPERIMENTAL SECTION
SR/MS2 Spectroscopy. A commercial linear quadrupole ion trap
mass spectrometer was coupled to the soft X-ray beamline
PLEIADES at the synchrotron radiation facility SOLEIL
(France), as described previously.6 The photon irradiation
time of 500 ms was controlled by a mechanical shutter activated
by a signal sent from the spectrometer through a pulse
generator that ensures a short delay of ion recording in order to
reduce background contributions. The ion injection time was
set to 100 ms. The X-ray beam was introduced from the back
side of the trap connected to the beamline via a dedicated
differential pumping stage. The electrosprayed ions were
injected from the front side into the trap. The tandem mass
spectra were recorded as a function of the photon energy
scanned in small steps. The photon energy calibration was
performed in parallel for each measurement by using an online
low-pressure ion yield setup installed upstream of the mass
spectrometer. The relative ion yields were extracted from the
mass spectra and normalized to the total ion current and to the
photon flux. For the presented action NEXAFS spectroscopy,
the mass resolution has been reduced to about 1500−2000 to
achieve higher signal/noise ratio, but was still more than
sufficient to clearly resolve SI and DI peaks. We had a very
good reproducibility of the spectra over several days of data
acquisition.
The Samples. Ubiquitin protein (from Sigma-Aldrich) has

been placed in water/acetonitrile solution (70:30) at 10 μM.
The photon energy calibration was performed with molecular
CO2 and N2 gas from Air Liquide, with a stated purity of
99.998% and 99.9999%, respectively.
PLEIADES Beamline. A permanent magnet APPLE II type

undulator, with a period of 80 mm, was used as synchrotron
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radiation source. The linear polarization of the light was kept
perpendicular to the plane of the electrons’ orbit in the storage
ring. A high-flux, 600 l/mm grating was used to mono-
chromatize the synchrotron radiation produced by the
undulator for the different K-edge regions. The exit slit of the
modified Pertersen plane grating monochromator was set to
reach an average resolution of 320 meV at the C-edge and 300
meV at the N-edge. The average photon fluxes at the C-edge
and at the N-edge were 1.3 × 109 photon/s and 2.4 × 1010

photon/s, respectively. These fluxes take into account the
carbon contamination of some of the beamline optics, and also
the reduction of the incident flux by the absorption due to a
pressure of 5 × 10−7 mbar CO2 or N2 gas present in the
chamber used for calibration purposes during the measure-
ments. The calibration gas was introduced in the calibration
chamber by an effusive jet crossing at right angle the SR beam.
The ions created in the interaction region are extracted by a
continuous electric field detected and counted at each step of a
photon energy scan. The detector consists of two polarizable
grids, which attract the cations, a multichannel plates chevron
stack, and a 50 Ω-adapted full-metal anode. The photon energy
was calibrated according to the Ar(2p3/2−1 4s) and N 1s → π*
in N2 transitions.19 The absolute accuracy of the energy
calibration was estimated to be 50 meV for both C and N
edges.
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C.; Ref́reǵiers, M.; Nahon, L. Structure and Charge-State Dependence
of the Gas-Phase Ionization Energy of Proteins. Angew. Chem., Int. Ed.
2012, 51, 9552−9556.
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We have measured 200 eV electron transmission through a single platinum tube of a diameter of 3.3 mm.
We find that the transmission of electrons can be detected even at large tilt angles, where the tube is not
transparent geometrically. The transmission drops down exponentially with increasing the tilt angle. The
energy spectrum of detected electrons behind the tube contain contributions at lower energies due to
both inelastic scattering and secondary electron emission. The spectrum is qualitatively in good agree-
ment with the calculations performed for the flat Pt surface in order to understand and model the elec-
tron interaction processes that define the transmission and the energy spectrum at the exit.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

There has been a large interest in recent years to investigate
transmission of low-energy electrons (up to 1 keV) through nano(-
micro) capillaries made of insulating materials. This investigation
was triggered by the highly charge ions (HCI) guiding phenomenon,
which was first discovered by Stolterfoht and coauthors in 2002
[1]. The HCI guiding is well explained presently and is based on
the fact that the beam of charged particles dynamically deposits
charge on the inner capillary surface, thus forming a Coulomb field
that deflects the forthcoming particles (preventing close interac-
tion with the surface) and efficiently guides them towards the cap-
illary exit. A large number of papers have been published so far on
this phenomenon, which offers possibilities both to study funda-
mental particle–surface interaction processes and to develop inter-
esting applications such as HCI beam for nanometer-scale
fabrication and MeV proton microbeams for irradiating single cells
[2,3]. A comprehensive review on the subject can be found in the
recent paper by Lemell et al. [4].

The first studies on electron guiding through insulating capillar-
ies have been reported in 2007 [5,6], and followed by more
detailed investigations [7–9]. The electron transmission through
the capillaries appears to be fundamentally different from the sim-
ple picture of HCI guiding governed solely by Coulomb deflection
[8,9]. Beside the Coulomb interaction that can also exist (although
not necessary repulsive, but rather attractive due to the secondary
electron emission [9]), electrons can be both elastically and inelas-
tically scattered upon close interaction with the surface (primary
projectiles) and can produce secondary electrons. Note also that
electrons cannot change their charge state (in contrast to HCI),
therefore it is impossible to distinguish between original and scat-
tered projectiles. Moreover, since the dominant process upon elec-
tron transmission may be elastic electron–surface scattering, it has
been suggested that even metallic (conductive) capillaries may be
used for the electron guiding [8]. Following this idea, we have
recently started an investigation on electron transmission through
single metallic capillaries. The aim of the research is to learn about
fundamental properties of both the electron guiding by metallic
capillaries and the processes of electron–surface interaction that
define guiding properties, as well as to investigate possible
applications.

In the present paper, we report the study on the transmission of
200 eV incident electrons through a single Pt macrocapillary
(3.3 mm diameter and 40.8 mm length – the aspect ratio of about
12.4). A large-diameter tube has been used, therefore the obtained
results can be tested and analyzed according to the calculations
made for the electron scattering by a flat Pt surface (which is more
trivial), whereas the tube aspect ratio is large enough to test elec-
tron transmission at large tilt angles. The intensity of the outgoing
electron current has been measured as a function of both the inci-
dent beam angle with respect to the capillary axis (the tilt angle)
and the kinetic energy of outgoing electrons.
http://
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2. Experiment

The experiment has been performed at the Institute of Physics
Belgrade. The experimental system has been already described in
detail elsewhere [5,7]. Additional small modifications have been
made for the present study. A schematic view of the experimental
setup is given in Fig. 1(a).

The system consists of an electron gun, a Pt tube attached to a
4-electrode electrostatic lens, a double cylindrical mirror ana-
lyzer (DCMA) followed by a single channel multiplier (channel-
tron) and a Faraday cup. Fig. 1(b) shows the realistic model of
the Pt tube fitted in the 4-electrode lens, as well as electric field
distributions for typically used electrode voltages, made in SIM-
ION program [10]. Note that a penetration of the electric field
inside the Pt tube, thus possible influence to electron transmis-
sion, is negligible.

The electron gun produces a well collimated electron beam
with an energy spread of about 0.5 eV, which is directed into a Pt
tube of 3.3 mm diameter and 40.8 mm length (the aspect ratio of
about 12.4). The angle between the incident electron beam direc-
tion and the tube axis, referred as the tilt angle, can be adjusted
by rotating the electron gun. At the tilt angle of 90�, the electron
beam is directed into the Faraday cup, which is attached to an
Fig. 1. (a) Experimental setup used in the present work. Electrons produced by the rotata
analyzed. The intensity of the incident electron current and the electron beam profile are
realistic model of the Pt tube fitted in the 4-electrode lens made in SIMION program.
experiment are shown by red lines. (c) The 200 eV electron beam profile measured by
obtained with the parameters: diameter = 0.9 mm; pencil angle = 0.3�. (For interpretatio
version of this article.)

Please cite this article in press as: A.R. Milosavljević et al., Study of electron t
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X–Y manipulator allowing the measuring of both the incident elec-
tron current intensity and the beam profile. The characteristic
parameters of the electron beam – the diameter and the pencil
angle (divergence) – are retrieved according to the simulated pro-
file (for the identical geometry) where these parameters are
adjusted to have the best fit to the experimental points. Fig. 1(c)
shows a typical beam profile measured at 200 eV and the corre-
sponding simulated curve obtained with a diameter of 0.9 mm
and a divergence of 0.3�. Therefore, the incident electron beam is
very well collimated and enters the Pt tube without losses.

The energy of electrons escaping the backside of the tube was
analyzed using the DCMA working in a constant pass-energy mode
– therefore, the count rates were recorded as a function of the
retarding potential (VR in Fig. 1(a)). It should be noted that this
mode of operation provides a constant overall energy resolution,
which was about 1 eV (full width at half maximum-FWHM), as
measured in the elastic peak. However, the transmission of the
entrance 4-electrode lens depends on the retarding potential.
Therefore, the recorded kinetic electron energy distributions were
corrected according to the transmission function estimated by
electron ray-tracing simulations made in SIMION program [10].
The base pressure in the experimental chamber was about
7 � 10�7 mbar.
ble electron gun are directed into a Pt tube. Electrons escaping the tube are energy-
measured by using a movable Faraday cup with an entrance hole of 2 mm. (b) The

The distribution of the electric field for electrode potentials typically used in the
the Faraday cup (blue circles) and the corresponding SIMION simulation (red line)
n of the references to color in this figure legend, the reader is referred to the web
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Fig. 2. (a) The intensity of the electron current escaping the Pt tube at the energy of
200 eV, as a function of the tilt angle, for the incident electron energy of 200 eV and
the incident electron current intensity lower than 1 nA. (b) Experimentally obtained
kinetic energy spectra of electrons escaping the Pt tube, for the incident electron
energy of 200 eV, the incident electron current intensity of 100 nA and the tilt
angles of 5 (diamonds), 6 (triangles), 8 (squares) and 12 (circles) degrees. The inset
shows the area of the peaks presented in (b), in the energy domain from 198 to
202 eV, as a function of the tilt angle The red curve represents the exponential
decay fit to the experimental points. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

A.R. Milosavljević et al. / Nuclear Instruments and Methods in Physics Research B xxx (2014) xxx–xxx 3
3. Electron–surface scattering calculations

We also present calculated kinetic energy spectra of 200 eV
electrons scattered from a flat Pt surface. Calculation is performed
using Monte Carlo Simulation (MCS) of low energy electrons back-
scattered from platinum (Pt) surface [11]. In this simulation we
take into account both elastic and inelastic collisions. For elastic
collisions of electrons by Pt atoms, we use static field approxima-
tion with non-relativistic Schrödinger partial wave analysis [12].

For the case of inelastic scattering we use a dielectric response
formalism [13–16]. According to the dielectric theory, a dielectric
function �ðq;xÞ describes the response of a medium, as an assem-
bly of interacting electrons and atoms, to the disturbance from an
external point charge. The dielectric function �ðq;xÞ is the
momentum (q) and energy (x) dependent. The energy loss func-
tion Imð�1=�ðq;xÞÞ, determines the probability of such an event.
For the case of bulk material the energy loss function is given by
the relation Imð�1=�ðq;xÞÞ and in the case of a surface it is given
by the relation Imð�1=ð�ðq;xÞ þ 1ÞÞ. For low energies, like in the
present case, it is more convenient to use the surface energy loss
function. The dielectric function for Pt is obtained from Refs
[17,18].

We have performed MCS and calculated the backscattered elec-
tron energy loss distributions for primary and secondary electrons.
Details about calculation can be found in papers [11,19] and in ref-
erences there in.

4. Results and discussion

Fig. 2(a) presents a typical dependence of the detected count
rate of the electrons escaping the Pt tube without an energy loss
on the tilt angle. In order to avoid a saturation of the channeltron
at small tilt angles, the incident current intensity was reduced to
below 1 nA (such low electron currents were not measurable with
the present setup). The measurements show a very narrow angular
distribution of the detected electron current, which practically cor-
responds to the primary electron beam. Note that the aspect ratio
of the Pt tube defines the maximum acceptance angle of 4.6�.
Therefore, the measured angular distribution presented in
Fig. 2(a) is also influenced by the electrostatic field (i.e. the focal
properties of the lens – in the present case, the focus was on the
elastic channel), as well as the transmission of the whole analyzer
system, including the 4-element entrance lens, the double cylindri-
cal mirror analyzer and a 3-element lens placed at the exit (see
[20] for details).

Clearly, at low incident electron currents only the direct beam is
detected, therefore the scattered (guided) electrons cannot be
measured and studied. Still the measurements presented in
Fig. 2(a) are important for the adjustment of the incident electron
beam profile and the calibration of the angular scale.

In order to test a possibility of electrons being directed along
the capillary axis due to the close interaction with the inner walls,
as well as to measure the kinetic energy distribution of scattered
electrons, the electron gun was positioned at large tilt angles and
the incident electron current was increased to about 100 nA (as
measured in the Faraday cup – see Fig. 1(b)). Fig. 2(b) presents a
kinetic energy distribution of electrons escaping the tube at the
incident energies or with small energy losses (up to about 8 eV).
Clearly, the elastic peak can be detected even at very large tilt
angles above the maximum value of 4.6o as defined by the tube
aspect ratio. As expected, the intensity of the transmitted (guided)
electron current strongly decreases with increasing the tilt angle;
the dependence is practically exponential (see the inset in
Fig. 2(b)). Since the incident beam direction is far from the capillary
acceptance angle, the measured signal of electrons escaping the
capillary at incident energies (200 eV) must be due to the elastic
Please cite this article in press as: A.R. Milosavljević et al., Study of electron t
dx.doi.org/10.1016/j.nimb.2014.11.087
electron scattering from the Pt capillary surface, thus enabling
the transmission along the axis.

The close electron interaction with the inner Pt surface should
also lead to both inelastic scattering and secondary electrons emis-
sion. Therefore, in contrast to the HCI guiding by insulating capil-
laries provided by Columbic mirror, a very broad kinetic energy
distribution of escaping electrons is expected. A typical distribu-
tion obtained at the tilt angle of 6�and with the incident electron
energy of 200 eV, is presented in Fig. 3(a), in a broad energy
domain down to 50 eV. Apart from the sharp elastic peak that cor-
responds to the dominant fraction of the transmitted electrons,
there is a large number of electrons at lower energies.

Fig. 3(b) shows the calculated kinetic energy distribution of
electrons upon scattering of 200 eV incident electron beam from
a plane Pt surface at an angle of 6�(it should be noted that the cal-
culated distribution is not strongly dependent on the incident
beam angle). The theoretical curves also separately present the
yield of both the primary (due to elastic and inelastic scattering)
and the secondary electrons, down to the energy of 80 eV. The
experimental results are compared with the calculations by nor-
malizing the measured curve at the energy of 185 eV. There is a
good qualitative agreement between the theory and the experi-
ment, particularly in the energy domain down to about 170 eV.
Moreover, the constant increase of the secondary electrons yield
as their energy decreases is also in agreement with the trend found
ransmission through a platinum tube, Nucl. Instr. Meth. B (2014), http://
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Fig. 3. (a) Experimentally obtained kinetic energy spectrum of electrons escaping
the Pt tube, for the incident electron energy of 200 eV, the incident electron current
intensity of 100 nA and the tilt angle 6�. (b) Calculated kinetic energy spectra of
electrons scattered from a flat Pt surface, for the incident electron energy of 200 eV
and the scattering angle of 6�. The experimentally obtained kinetic energy spectrum
of electrons escaping the Pt tube, for the incident electron energy of 200 eV is
normalized at 185 eV.
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in the experiment. However, the calculated curve appears to be
more structured, with pronounced shoulders, which cannot be
resolved in the measured electron energy spectrum. Also, although
both energy distributions are characterized by a pronounced elas-
tic peak, the inelastic/elastic ratios are different.

The disagreement between the calculated and the measured
spectra can be due to several reasons. The calculations were per-
formed for a flat surface (to the best of our knowledge, there are
no experimental results for a flat Pt surface), while in the experi-
ment the electrons interact with the capillary surface and can suf-
fer multiple scattering events before reaching the capillary exit and
being detected. Therefore, this multiple scattering (including
inelastic scattering of inelastically scattered projectiles) can smear
out the respective structures seen in the theoretical spectrum. Fur-
thermore, although the experimental spectrum has been corrected
for the transmission function, the real transmission may be some-
what different from the calculated one that is based on an ideal
uniform beam leaving the Pt tube and takes into account only
the entrance electrostatic lens. It should be also taken into account
that, in contrast to the theoretical case, the Pt surface in the exper-
iment may be polluted from the adsorbed residual gas in the vac-
uum chamber. Finally, there is also an uncertainty of the calculated
spectrum, dominantly because we have used a dielectric function
for Pt that has been obtained by fitting the experimental results.
It has been found in the present work that the calculated energy
spectra were sensitive to the applied dielectric functions. However,
overall, there is a good accordance between the experiment and
Please cite this article in press as: A.R. Milosavljević et al., Study of electron t
dx.doi.org/10.1016/j.nimb.2014.11.087
the calculations, suggesting that the theory can be used to predict
and select good candidates as materials to be used for electron
transport by metallic capillaries.

5. Conclusion

In summary, we have presented a joint experimental and theo-
retical study on 200 eV electron transmission through a single plat-
inum tube. We find that the transmission of electrons at their
incident energies can be detected even at large tilt angles, where
the tube is not transparent geometrically. The transmission drops
down exponentially with increasing the tilt angle. The energy spec-
trum of detected electrons behind the tube contain contributions
at lower energies due to both inelastic scattering and secondary
electron emission. The spectrum is qualitatively in good agreement
with the calculations performed for the flat Pt surface in order to
understand and model the electron interaction process that define
the transmission and the energy spectrum at the exit.

Although more studies with micro and nano capillaries should
be performed, the present results suggest a possibility of using
metallic capillaries to investigate fundamental properties of a con-
ductive material inside a high aspect ratio pores, by use of the elec-
tron spectroscopy under ultra-high vacuum conditions. Moreover,
there are potentials for interesting applications, such as the use of
nano and micro high-aspect ratio metallic capillaries as a robust,
spatially well-determined low-energy electron source/transporter.
This could be applied, for example, to study electron driven molec-
ular processes under different environmental conditions.
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We have studied the Vacuum Ultraviolet (VUV) photodissociation of gas-phase protonated leucine-
enkephalin peptide ion in the 5.7 to 14 eV photon energy range by coupling a linear quadrupole
ion trap with a synchrotron radiation source. We report VUV activation tandem mass spectra
at 6.7, 8.4, and 12.8 eV photon energies and photodissociation yields for a number of selected
fragments. The obtained results provide insight into both near VUV radiation damage and electronic
properties of a model peptide. We could distinguish several absorption bands and assign them to
particular electronic transitions, according to previous theoretical studies. The photodissociation
yields appear to be very different for the various observed fragmentation channels, depending on
both the types of fragments and their position along the peptide backbone. The present results
are discussed in light of recent gas-phase spectroscopic data on peptides. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4939080]

I. INTRODUCTION

Investigation of the interaction of Vacuum Ultraviolet
(VUV) radiation with polymers of amino acids, namely,
peptides and proteins, is of essential importance. These
molecules are ubiquitous in the biosphere and are involved
in many important processes in living organisms. Their
function and activity are intrinsically connected with their
primary structure–the sequence of amino acids.1 Therefore,
any alteration of the primary sequence and degradation of the
biopolymer, due to interaction with energetic photons such as
UV, VUV, or X-rays, may lead to severe consequences and
ultimately to cellular death. All these effects are commonly
ascribed as radiation damage. In this respect, deep UV and
VUV action spectroscopy of biopolymers isolated in the
gas phase offers possibilities to investigate photon activation
processes of particular mass-to-charge selected systems.
Such experiments could help in reaching the fundamental
understanding of radiation damage at the molecular level.

On the other hand, the availability of third generation
synchrotron radiation facilities, providing high-resolution,
tunable and high-brightness sources of energetic photons, as
well as recent development of state-of-the-art spectroscopic
experimental systems, allowed for detailed investigation of
electronic and structural properties of biomolecules. However,
until now the VUV spectroscopic and dynamical studies have
been limited only to amino acids, since these relatively small
molecules can be evaporated and thus introduced as neutrals
into the gas phase (see, e.g., Refs. 2–4 and references therein),
as well as some small peptides5 and nucleobases.6

a)Author to whom correspondence should be addressed. Electronic mail:
vraz@ipb.ac.rs.

The study of the building blocks of biomolecules
is certainly important to understand the physicochemical
properties of a biopolymer that they form. However, this
bottom-up approach is still insufficient to reach comprehensive
knowledge about the complex biological systems such as
proteins and DNA. Indeed, the electronic structure and
physicochemical properties of biopolymers are built up
from the properties of their building units as well as from
the intramolecular interactions closely correlated with their
primary, secondary and tertiary structures. For example,
in a peptidic chain, amino-acids are connected to each
other through peptide bonds, which crucially influence the
protein’s electronic structure. Moreover, biomolecules are
not isolated in nature, and solvents can strongly affect their
radiation response.7–9 Therefore, the building blocks approach
in the investigations of complex biomolecules may be of
limited relevance in some aspects regarding their electronic
structure, structural properties, function, and radiation damage
sensitivity.

The recent development of experimental techniques that
couple ion traps with synchrotron radiation sources has
opened up possibilities to perform VUV action spectroscopy
of protonated or deprotonated large biopolymers isolated in
the gas phase.10–13 The biomolecules are brought into the
gas phase by electrospray ionization (ESI),14 selected and
stored in a radio frequency (RF) ion trap. The technique
is based on tandem mass spectrometry, where a particular
precursor ion is selected, activated by VUV radiation, and
analyzed using mass spectrometry. A high sensitivity and
selectivity of the mass spectrometry, a prolonged interaction
time in the trap, and a high brightness of third generation
SR sources provide a respectable signal to noise ratio,
overcoming significantly lower target densities in comparison

0021-9606/2015/143(24)/244311/8/$30.00 143, 244311-1 © 2015 AIP Publishing LLC
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FIG. 1. The structure of the leucine-
enkephaline peptide with its five amino
acid constituents and imonium ions
with mass-to-charge ratios of Y(136),
F(120) and L(86).

with classic spectroscopy of neutral molecules.12 The energy
tunable SR sources enable recording of tandem mass spectra
(MS2) as a function of the photon energy. Therefore,
action spectroscopy of desired target ions is performed
by recording photoionization and photofragmentation ion
yields.

Leucine-enkephaline (Leu-enk) consists of five amino
acids arranged in the following sequence: Tyr-Gly-Gly-
Phe-Leu (YGGFL) (see Fig. 1) and has been intensively
investigated in recent years to become a standard model in
mass spectrometry.15 Recently, we have also investigated VUV
photon interaction with both bare and nanosolvated Leu-enk
dimers.16,17 We have measured the backbone photofragment
yields and thus mapped the electronic excitation bands
of the Leu-enk dimer molecule that lead to molecular
dissociation.17 More interestingly, we have found a significant
stabilization effect of only three water molecules, which
has also been confirmed by Density Functional Theory
(DFT) calculations.16 Bari et al.11 have reported the
pioneering and detailed investigation of the photodissociation
of gas-phase protonated Leu-enk trapped cations in the
8–40 eV photon energy range. They have discussed in
detail photofragmentation patterns both below and above
the ionization threshold and presented ion yields for a
number of different fragments. However, the latter study11

was fragmentary regarding the low VUV photon energies
below 10 eV, as the authors probed only a few energies
in this domain. Therefore, it was not possible to discuss
spectroscopic features in the energy range below 10 eV and
the corresponding lowest energy electronic transitions of the
Leu-enk molecule.

The present study extends previous studies on model
peptides and Leu-enk11,16–18 in several directions. It reports
novel results of the VUV action spectroscopy of an
isolated peptide. This is an extension of our previous work
on Substance P peptide (11 residues),18 investigating the
electronic structure of the Leu-enk molecule, which is a
smaller 5-amino acid peptide with a simpler fragmentation
pattern. Therefore, the present work allows for deep insight
into general electronic properties of a peptide. On the other
hand, we also significantly extend the previous study of
VUV-induced energy-dependent fragmentation of Leu-enk
molecule.11 Indeed, this time we dominantly focus on the
low-energy VUV domain, where the electronic excitations
trigger molecular dissociation.

II. EXPERIMENTAL METHOD

A commercial linear quadrupole ion trap mass spec-
trometer (Thermo Finnigan LTQ XL) was used for both ion
production and selection/isolation. It was previously modified
and coupled10,19 to the VUV beamline DESIRS20 of the
SOLEIL synchrotron radiation facility in France. The front
side of the LTQ mass spectrometer was equipped with an ESI
source. Ions produced by ESI were introduced through the
system of ion lenses and stored in the linear ion trap. Singly
protonated precursor ions [Leu-Enk+H]+ (m/z 556) were
selected and stored in the ion trap, where they were irradiated
using monochromatic VUV photon beam for 500 ms. The
control of the irradiation time has been achieved, by installing
a fast rotating mechanical shutter in the path of the photon
beam,21 inside a dedicated vacuum chamber on the back side
of LTQ.

The VUV photon beam was produced by an electromag-
netic undulator (OPHELIE II) feeding the DESIRS beamline
and further monochromatized using a normal incidence
monochromator, resulting in a typical bandwidth of 12 meV
in the present case.20 The absolute photon energy uncertainty
was a few tens of meV, as calibrated against the zero order. A
monochromator grating of 200 gr mm−1 in combination with
a 200 µm exit slit was used, allowing for a high photon
flux of 1012–1013 ph/s. In order to obtain high spectral
purity, higher harmonics from the undulator were removed
using a krypton gas filter (cutoff above 14 eV) and MgF2
window filter (cutoff above 10.6 eV). A pressure difference
between the synchrotron beamline (10−8 mbar) and the LTQ
mass spectrometer (10−5 mbar) was accommodated with a
custom made differential pumping stage, in assembly with
a mechanical shutter and a movable photodiode. The latter
was used to measure the photon flux just before the ion
trap. The LTQ mass spectrometer was mounted on a custom-
made supporting frame with several degrees of freedom, for
rotational and translational position adjustment. A precise
alignment of the photon beam with respect to the ion trap axis
was essential for achieving a high ion activation efficiency
and signal to noise ratio.

Leu-enk was provided by Sigma-Aldrich in a powder form
and was dissolved in a water/acetonitrile (75:25 v/v) mixture
at a concentration of 10 µM. After photon activation of the
isolated ions, all fragments were ejected from each side of the
trap towards detectors, and tandem mass spectrum (MS2) was
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recorded for particular photon energy. Each sequence of ion
isolation, photon activation and mass spectrum recording was
repeated for different photon energies. A home-made software
was used to control and synchronize the ion isolation, the
opening of mechanical shutter, the beamline photon energy
adjustment and the mass spectra recording. Automated data
acquisition scans lasting up to several hours resulted in 30-
50 mass spectra with a 0.2 eV energy step for a desired
precursor.

The photodissociation ion yields were extracted from the
recorded mass spectra by plotting the area under the peak
of interest against the photon energy, and normalizing to the
photon flux and the total ion current (TIC). The photon flux
was measured in a separate energy scan with a photodiode
(AXUV100, International Radiation Detectors) under the
same experimental conditions. For the present experiment,
two scans of the photon flux were performed, one with a
krypton gas filter and one with an MgF2 glass window filter.
In order to cover the whole energy range of interest, three
separate action scans of the [M+H]+ precursor, within partly
overlapping energy domains (5.7-8.5) eV, (7.2-10.2) eV, and
(10-14) eV, were performed. The first energy range of (5-8) eV
was measured with the MgF2 glass window filter, whereas the
other two ranges were measured with the krypton gas filter.
Extraction and normalization of all ion yields have been
performed separately for each energy range. The final energy
yield for each fragment ion, in the overall range from 5.7 to
14 eV, was obtained by coupling three separately obtained
normalized relative ion yields. An additional normalization
procedure to couple the lowest energy fragment ion yields of
(5.7-8.5) eV with the other two is as follows. All fragment

ion yields in the higher energy ranges (7.2-10.2 and 10-14 eV
domains) were multiplied with the independent factor for
each fragment ion to achieve the best overlap with the same
fragment ion yield in the lowest energy range. In other words,
fragment yields from the two higher ranges were down-scaled
to match the yields from the first energy range, each ion
fragment having its own scale factor.

III. RESULTS AND DISCUSSION

A. Tandem mass spectrometry

The schematic structure of the Leu-enk molecule is
presented in Fig. 1. Upon VUV photon absorption, the
electronic excitation and the ionization of the precursor
can both induce bond cleavages (photodissociation and
dissociative ionization, respectively) leading to different
fragment ions. As for peptide backbone cleavage, depending
on both which particular bond has been cleaved along the
backbone and where the remaining charge stays upon this
bond cleavage, there is a standard nomenclature22,23 of the
fragments: an, bn, and cn for N-terminal and xn, yn, and zn
for C-terminal, where subscripts indicate the number of amino
acid residues left in a particular fragment. Additionally, the
photon absorption can induce detachment of neutral groups
(e.g., amino acid residues) and multiple bond cleavages.

Fig. 2 presents the MS2 obtained at three prominent
photon energies: at 6.7 eV (below the ionization threshold), at
8.4 eV (near, just below the threshold) and at 12.8 eV (above
the threshold). The ionization energy (IE) of the protonated
molecule has been predicted from DFT calculations to be

FIG. 2. Photo-activation tandem mass spectra of leucine-enkephalin, after 500 ms irradiation of [Leu-Enk+H]+ precursor at: (a) 6.7 eV, (b) 8.4 eV, and (c)
12.8 eV photon energies. The proposed assignments of the most important fragments are given in the figure while “M” denotes the pseudomolecular ion.
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at 8.87 eV.11 The peak designated at a mass-to-charge
ratio (m/z) of 556 corresponds to the parent cation of
protonated Leu-enk [M+H]+. For energies lower than IE
(Figs. 2(a) and 2(b)), the fragmentation pattern appears
to be very similar to MS2 recorded in collision-induced
dissociation (CID) experiments.15 At these energies, photo-
induced fragmentation mainly proceeds through cleavage of
a peptide backbone that yields a, b, and y fragments, which
are clearly visible in the mass spectrum at 6.7 eV (Fig. 2(a)).
Dominant Leu-enk fragments in the mass spectra recorded at
incident photon energies below IE are a4 (m/z 397), b3 (m/z
278), y2 (m/z 279) and b4 (m/z 425). Fragments assigned to
the precursor’s loss of one water molecule [M+H]+-H2O (m/z
538) and the tyrosine side chain [M+H]+-107 (m/z 449)
are also clearly visible, while the precursor’s loss of the
phenylalanine side chain [M+H]+-91 (m/z 465) is of much
less abundance. Fragments b3 (m/z 278) and y2 (m/z 279)
could not be separated in the previous VUV photodissociation
study,11 but are clearly resolved in the present mass spectra
(see the inset in Fig. 2(a)). Further internal fragmentation of a4
and b4 can lead to fragments with ammonia loss a4-NH3 (m/z
380), loss of glycine a4-NH3-57 (m/z 323), loss of tyrosine
side chain b4-107 (m/z 318), GGF (m/z 262), GF (m/z 205),
and loss of carbon monoxide GF-CO (m/z 177).

Very similar MS2 fragmentation patterns of present sub-IE
VUV-induced dissociation (Figs. 2(a) and 2(b)) and CID15 of
protonated Leu-enk suggest that absorption of photons by
Leu-enk molecular ions leads to electronic excitations after
which intramolecular vibrational redistribution and/or internal
conversion leading to a hot ground state dominantly take
place. Still, it should be noted that at the energy of 8.4 eV
(Fig. 2(b)), which is near IE, we observe a substantial change
of the intensities of main peaks in the MS2. The intensity
of fragment b3 (m/z 278) markedly increases, while quite
opposite stands for the fragments a4 (m/z 397) and b4 (m/z
425). The intensity of fragment GF (205) slightly increased
whereas its loss of carbon monoxide CO, namely, fragment
GF-CO (m/z 177), becomes stronger. Other fragments b2 (m/z
221), GGF (m/z 262), [M+H]+-107 (m/z 449), and b4-107 (m/z
318) exhibit moderate intensity increase.

At the energy of 12.8 eV, which is well above the IE,
the MS2 spectrum significantly changes. As a result of the
formation of the doubly charged radical precursor at the
first instance, more fragmentation channels become open,
resulting in a rich mass spectrum in the low m/z range of
150-350. A sequence fragment c3 (m/z 295) appears. There
are also unassigned fragments, which can be due to the
photoionization of neutral contaminants present in the ion trap
in traces. Fragments that dominated the sub-ionization mass
spectrum: a4 (m/z 397), b4 (m/z 425) and [M+H]+-107 (m/z
449) are barely visible at 12.8 eV. On the other hand, the
production of the fragment corresponding to the water loss
[M+H]+-H2O (m/z 538) is two-fold enhanced as compared to
lower energies. After internal fragmentation of a4-NH3 (m/z
380), due to loss of phenylalanine residue (−147), a remaining
fragment a4-NH3-147 (m/z 233) is also visible above IE. A
doubly ionized precursor ion [M+H]2+ (m/z 278) shows up
at the same position in the mass spectrum as the fragment
b3 (278); therefore, it is difficult to claim if the doubly ionized

precursor can be seen in the spectrum. Even if this ion is
formed, it may quickly dissociate before detection, due to
a high Coulomb potential energy. In our previous work, the
doubly ionized Leu-enk dimer could not be seen in the MS2,
but the nanosolvation-induced stabilization effect allowed for
tracing down the doubly ionized hydrated precursor with three
water molecules. In the present measurements the relative
intensity of the b3 (m/z 278) fragment increases more rapidly
above the IE in comparison with other backbone fragments,
as can be seen in the mass spectra presented in Fig. 2 (see also
below). However, we cannot provide a definite conclusion if
this is due to the contribution of the [M+H]2+ dication formed
above IE.

Present fragmentation patterns are in a very good
agreement with the recent work of Bari et al.11 in the
overlapping m/z and photon energy domains. All fragments
assigned in the later article11 at the photon energy of 8 eV are
also found in the present mass spectrum at the photon energy
of 8.4 eV. Additionally, owing to improvement in the signal to
noise ratio and mass resolution, we could resolve additional
important backbone fragments such as b2, y2, y3, and b4 (see
Fig. 2(b)). Similarly, we could assign all fragments reported
in Ref. 11 at 15 eV and resolve additional species originating
from Leu-enk.

B. Photodissociation ion yields

In this section, we study the spectroscopic structures of
several selected abundant fragments. This is made possible
because of the high signal to noise ratio and improved
mass resolution for accurate and detailed measurements
of desired photofragmentation yields in small energy steps
and with a high photon energy resolution. The aim is
to investigate the electronic structure of Leu-enk and
specific fragmentation processes resulting from the electronic
excitation. Particularly, we compare the backbone sequence
specific photofragmentation yields of: (a) the same type of b
fragments (C–N bond cleavage) along the peptide backbone,
(b) fragments resulting from the same bond cleavage (C–N) but
formed with a charge at N- or C-terminus (b2/y3 and b3/y2)
and (c) the fragments formed with a charge at N-terminus
but resulting from neighboring bond cleavages (C–Cα a4
and C–N b4). We also compare the spectroscopic signatures
of fragments resulting from detachment of different neutral
groups.

Figs. 3 and 4 present selected photodissociation ion yields
of singly protonated Leu-enk ions in the 5.7–14 eV energy
range. The shown absolute uncertainties (∆) were obtained as
the biggest mismatch between overlapping points of different
energy ranges, according to the normalization procedure
described in the experimental section. Note, however, that
low statistics and possible higher influence of a background
in the case of very less-abundant fragments could increase
the overall uncertainty of the curve shape (e.g., Fig. 3(d),
the 8-10 eV region). The extracted ion yields show rich
spectroscopic features, which will be discussed in more detail
below.

Fig. 3 compares relative photodissociation ion yields
of the most abundant sequence specific fragments resulting
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FIG. 3. Normalized relative ion yields from the photodissociation of precursor [Leu-Enk+H]+ in the range from 5.7 to 14 eV. Integrated mass ranges
are: (a) b2 (m/z= 220.5-221.5), (b) b3 (m/z= 277.5-278.5), (c) b4 (m/z= 424.5-425.5), (d) y3 (m/z= 335.5-336.5), (e) y2 (m/z= 278.5-279.5), and (f)
a4 (m/z= 396.5-397.5). The absolute uncertainties of the experimental points obtained as the biggest mismatch between overlapping values of different energy
ranges upon normalization are shown on the right bottom corner of each panel as ∆ values.

from the peptide backbone dissociation. According to previous
studies,18,24–27 the electronic structure of a dipeptide backbone
can be described as a four-level system. Hence, the lowest
energy excited states responsible for VUV photon absorption
by the backbone involve: n0π3

∗ (W ), π2π3
∗ (NV1), and

π1π3
∗ (NV2).18,24–27 Except for the a4 fragment (Fig. 3(f)), all

sequence fragments presented in Fig. 3 result from cleavage
of the C–N bond (b/y fragmentation). The most prominent
structure in Fig. 3 is a band centered at the photon energy of
about 6.9 eV. The latter band can be ascribed to the peptide
π2π3

∗ (NV1) transition, most probably followed by a non-
radiative decay to a vibrationally excited ground state resulting
in C–N bond cleavages.18 The second band centered at about
9.6 eV clearly appears for b3 and y2 sequence fragments
(Figs. 3(b) and 3(e), respectively). It should correspond to
the peptide π1π3

∗ (NV2) transition followed by either direct
C–N type fragmentation from the electronically excited state
or upon non-radiative decay to the hot ground state.18 The
increased yield above 9 eV of all other sequence fragments
shown in Fig. 3 is also notable, although it should be noted that
this effect is very weak for b4 and a4 fragments (Figs. 3(c) and

3(f), respectively) relative to the low-energy part. However,
the second band is clearly distinguished only in the case of b3
and y2 fragments.

According to our knowledge, there is only one existing
study on VUV action spectroscopy of gas-phase Leu-enk
published by Bari et al.6 to compare with. However, Bari et al.
performed measurements at only few points in the energy
region overlapping with the present measurements, which
cannot provide insight into the excitation bands. Still, the
trends of their reported Leu-enk sequence specific fragment
photodissociation yields, in the energy region of 8-14 eV,
are in good agreement with the present results. On the
other hand, it is also interesting to compare the energy
dependences of backbone dissociation for different peptides:
Leu-enk (the present case) and Substance P.18 Assuming that
a peptide backbone can be generally described by a four-level
electronic system, as discussed above, one would expect at
least some corresponding spectroscopic features (related to
photon absorption by the backbone). Indeed, the a-ion yield
in the previous study for Substance P18 clearly showed a band
centered at about 6.8 eV that is very well comparable with the

FIG. 4. Normalized relative ion yields from the photodissociation of precursor [Leu-Enk+H]+ in the range from 5.9 to 14 eV. Integrated mass ranges are: (a)
GF (m/z= 203.5-204.5), (b) [M+H]+-H2O (m/z= 537.5-538.5) and (c) [M+H]+-tyrosine side chain (m/z= 448.5-449.5).
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present a4-ion yield (Fig. 3(f)). The additional higher-energy
structures are also visible for a-ions, as well as x, b and y ions
in the previous study18 above 8 eV and peaking somewhere
between 10 and 12 eV. The latter features may correspond to
the present band at about 9.6 eV as well as broad features found
for b and y fragments above 10 eV. However, it is interesting
that in the previous study of Substance P, b fragments appear
only above about 8 eV, while in the present case of protonated
Leu-enk, there is a very strong band for b fragments at the
energy of 6.9 eV, as found for the a fragment. Moreover, even
in the case of a and y fragments of Substance P, where the
first 6.9 eV band can be clearly resolved, its intensity is still
considerably inferior to the signal above 8 eV. In contrast, for
Leu-enk, the band at 6.9 eV represents a dominant feature for
most of the b and y fragments in the spectra and particularly
for the a4 fragment. In a previous study, González-Magaña
et al.28 have reported an effect of the peptide chain length
on the fragmentation patterns. Short peptides bearing up to
7 residues appeared to have a different behavior than the
longer one (with 12 residues), which was assigned to charge
migration following the photoionization. In the present case,
we also observe a very different photochemistry below the
ionization threshold for Leu-Enk (5 residues) with respect to
Substance P (11 residues).

Figs. 3(a)–3(c) (blue curves—in the first raw) present
VUV photodissociation yields of b fragments (cleavage of
C–N bond with charge left on N-terminus). The latter offer an
exciting insight into the energy dependence of the cleavage of
the peptide linkage as a function of its site along the Leu-enk
peptide backbone. Since all b yields correspond to the same
C–N bond cleavage, their different energy dependences steam
from different VUV absorption efficiency, which correspond
to the change of the electronic density of the biopolymer along
its backbone. Indeed, (a)-(c) show that the relative ion yields
strongly depend on the position of the C–N bond cleavage
on the peptide. Clearly, by approaching the C-terminus (and
increasing the fragment size), the low-energy part of the
action spectra becomes more important. Particularly, the low-
energy absorption at about 6.9 eV, assigned to NV1 electronic
transition, appears to be weak for b2 fragment (Fig. 3(a))
relative to the fragmentation intensity at photon energies
above 8 eV, which is very similar to the previous case
found for Substance P. However, already for b3 fragment
(Fig. 3(b)), the 6.9 eV band is very strong. Moreover, for b4
fragment (Fig. 3(c)), the photodissociation yield still increases
with decreasing the photon energy below 6 eV suggesting
that peptide dissociation to b4 may be triggered even by
the lowest energy n0π3

∗ (W ) transition previously suggested
to be at about 5.5 eV.18 VUV photodissociation to b and
y-type fragments of protonated Substance P has not been
observed below 6 eV, although it was reported for a-type
fragments. Still, it is interesting to note that the present b2
relative photodissociation yield corresponds very well to the
measured energy dependences for small neutral losses; for
example, –H2O in the present case of protonated Leu-enk
(Fig. 4(b)) or –NH3 in the previously investigated Substance
P.18 Significant differences in relative photodissociation yields
corresponding to the same bond cleavage along the peptide
backbone suggest a strong influence of the protonation

site on the frontier peptide orbitals and a redistribution
of the electronic density along the peptide backbone upon
protonation.

The present results also offer a possibility to compare the
photodissociation yields of different fragments that are directly
produced by the cleavage of the same bond (see Fig. 1). In
Fig. 3, we compare the yields of b2 (a) and y3 (d), as well as
of b3 (b) and y2 (e). A pair of fragments produced by the same
bond scission is expected to have similar photodissociation
yields, which is indeed shown in Fig. 3 for b2/y3 and b3/y2.
Still, it is interesting that in both cases y fragments appear
to have somewhat higher relative intensity at lower photon
energies. The other notable difference is a strong increase of
b3 fragment yield above 11 eV (Fig. 3(b)), which is not seen
for the corresponding y2 fragment (Fig. 3(e)). It has been
already noted above that b3 (m/z 278) cannot be resolved
from the doubly charged precursor [M+H]2+, which should
strongly increase above the IE. However, the doubly charged
precursor may not survive until detection. Finally, for both
pairs of b/y fragments, the abundance of b fragments is much
higher over the whole photon energy range, which is expected
since N-terminus should represent the preferential protonation
site of the gas-phase protonated Leu-enk.29

In the last column of Fig. 3, we compare the
photodissociation yields of fragments produced by cleavage
of neighboring bonds from the same carboxyl C atom (see
Fig. 1), and with the charge left at the N-terminus; namely, b4
(Fig. 3(c)) is produced by a C–N cleavage and a4 (Fig. 3(f))
is produced by a Cα–C cleavage. Clearly, in both cases,
fragmentation into these ionic species dominantly occurs at
low photon energies. The formation of the latter fragments
is preferentially triggered by ππ∗ electronic transitions. Both
dissociation yields show a strong band at about 6.9 eV as
well as an increased yield at photon energies between 9 and
10.5 eV. The a4 fragment is significantly more abundant at low
energies and its action spectrum shows a strong absorption
band centered at about 6.9 eV, which is typically seen for most
of the other fragments. However, interestingly, the Cα–C bond
cleavage producing a4 does not seem to be important below
6 eV in contrast to the cleavage of closely situated C–N bond
producing b4.

Besides sequence specific fragments, we also study the
energy dependence of the formation of fragments involving
breaking of multiple bonds and neutral losses. In Fig. 4,
we compare photodissociation yields of the fragment GF
(m/z 205) with the fragments produced by the loss of the
water molecule (m/z 538) and the tyrosine side chain (m/z
449). According to the previous study, the formation of GF
fragment is not associated with substantial rearrangements
of the system and proceeds along an entropically favored
pathway.30 Furthermore, it has been suggested according to
the same surface-induced dissociation study30 that the GF
fragment was formed from y3 (mainly) and a4 fragments.
Therefore, one would expect that significant formation of
GF can already occur at lower VUV photon energies below
the IE and that the relative photodissociation yield of GF
(Fig. 4(a)) is similar to the yields of y3 (Fig. 3(d)) and a4
(Fig. 3(f)). Indeed, the dominant feature of GF yield appears
at about 6.9 eV (assigned above to NV1), as found for y3
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and particularly for a4. Also, as for y3 and a4, additional
features can be seen between 9 and 10.5 eV (assigned to
NV2). However, it is interesting to note that, in contrast to y3
and a4, the yield of GF strongly increases above the IE. We
can therefore tentatively explain the depletion of b, y and a
fragments at higher photon energies as being due to increased
formation of other internal fragments. In this particular case,
for example, GF represents a favored channel at higher photon
energies. Note that this domination is even more pronounced
with the further increase of the photon energy above 14 eV.31

The loss of the water molecule from protonated Leu-enk
has been detected as a relatively strong fragmentation channel
upon both CID15 and surface-induced dissociation,30 but this
process was not discussed in detail. Moreover, in the previous
study of VUV photodissociation of protonated Leu-enk by
Bari et al.,11 the fragment formed upon the loss of water
was above the m/z cutoff presented by the authors. Therefore,
according to our knowledge, we report for the first time
the energy dependence of VUV-induced loss of water from
protonated Leu-enk peptide. Interestingly, the present study
shows (Fig. 4(b)) that –H2O photodissociation yield appears
to be markedly different at low photon energies from the
yields of other neutral losses (Fig. 4(c)), internal fragment GF
(Fig. 4(a)) and sequence fragments (Fig. 3), except for the
b4 fragment yield for which the curve also shows an intense
abundance at low photon energy, well below the 6.9 eV band.
Therefore, we can tentatively assume that loss of water can
proceed from the lowest n0π3

∗ (W ) peptide excitation, similarly
as for b4 fragment. Note that b4 fragment is formed by the
cleavage of the C–N bond close to the C–terminal of Leu-enk,
so in close vicinity to a carboxyl group, which could be the
site from where the water molecule is extracted. It should
be noted that a similar strong increase of the yield towards
low photon energies has been seen for a small methionine
residue loss (−15) in the previous study with Substance P;18

however, methionine absorbs at rather low energies in contrast
to carbonyl chromophores.

The loss of tyrosine side chain has been already studied
before11 but with large energy steps. The present results
discover a rich spectroscopic structure corresponding to
protonated Leu-enk dissociation to this fragment. Two bands
are clearly resolved at about 6.9 eV and 9.8 eV. With this
respect, the spectrum is comparable with b and y sequence
fragments (Fig. 3), suggesting that loss of Tyr side chain can
be triggered by backbone photon absorption. The spectrum is
similar to most of the neutral losses from Sub P.

IV. CONCLUSION

We presented a detailed study on energy dependent
fragmentation of protonated Leu-enk peptide in the VUV
photon domain from 5.7 eV (217.5 nm) to 14 eV (88.56 nm)
with unprecedented spectral details, owing to the very
small steps between the photon energies. The fragment ion
yields exhibit rich features which have been assigned to the
lowest energy excited states. The most prominent structure
appeared at the photon energy of about 6.9 eV. The latter
band is ascribed to the peptide π2π3

∗ (NV1) transition. The
fragmentation pattern at low photon energy is similar to that

produced under CID excitation conditions. Thus, based on
this argument, we propose that the photofragmentation below
the threshold proceeds on the hot ground electronic state after
internal conversion. However, we have also found significant
differences between relative photodissociation yields that
correspond to the cleavage of the C–N bond along the
peptide backbone. Moreover, interestingly, the photochemical
behavior of protonated Leu-enk is very different from the
one reported recently for substance P. This observation is
in line with previous investigations on the length effects on
VUV fragmentation of peptides.28 Although the origin of such
differences is not yet explained and requires further work, it
clearly appears that the photochemical and photophysical
properties of small peptides cannot be simply extended and
serve as a model to longer systems such as bigger peptides
and proteins. Indeed, there is a strong interplay between the
length of a biopolymer and its electronic structure.
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Abstract: 2-Fluoroadenine (2FA) is a therapeutic agent, which
is suggested for application in cancer radiotherapy. The
molecular mechanism of DNA radiation damage can be
ascribed to a significant extent to the action of low-energy
(< 20 eV) electrons (LEEs), which damage DNA by dissocia-
tive electron attachment. LEE induced reactions in 2FA are
characterized both isolated in the gas phase and in the
condensed phase when it is incorporated into DNA. Informa-
tion about negative ion resonances and anion-mediated
fragmentation reactions is combined with an absolute quan-
tification of DNA strand breaks in 2FA-containing oligonucle-
otides upon irradiation with LEEs. The incorporation of 2FA
into DNA results in an enhanced strand breakage. The strand-
break cross sections are clearly energy dependent, whereas the
strand-break enhancements by 2FA at 5.5, 10, and 15 eV are
very similar. Thus, 2FA can be considered an effective radio-
sensitizer operative at a wide range of electron energies.

Radiation therapy using high-energy photons, electrons, or
ions belongs to the most important methods used to treat
cancer. As was shown in recent years, the radiation damage
induced by the high-energy primary radiation is mostly due to
the effect of low-energy secondary particles generated along
the ionization track.[1,2] Low-energy electrons (LEEs) belong
to the most important intermediates, since they are produced
in significant quantities[2, 3] and can directly attach to DNA
and other biomolecules to form transient negative ions, which
are unstable towards dissociation.[4] In DNA, dissociative

electron attachment (DEA) can result in effective single and
double strand breaks.[5, 6]

In radiation therapy, radiosensitizers are used as thera-
peutics to enhance the radiation damage to the tumor tissue.[7]

On a physicochemical level the radiosensitization can be
ascribed to an enhanced reactivity towards LEEs.[8] The most
important administered drugs in chemoradiotherapy are
cisplatin and its derivatives,[9] 5-fluorouracil[10] , and gemcita-
bine,[11] whose reactivities towards LEEs have been clearly
shown.

Fludarabine, a nucleoside containing 2-fluoroadenine
(2FA), is an established chemotherapeutic,[12] but is also
considered as a potential radiosensitizer.[13] Herein, we
analyze the reactivity of 2FA towards low-energy electrons.
We investigate the change of the absolute strand-break cross
section when 2FA is incorporated into an oligonucleotide to
replace adenine (A) and analyze the observations in terms of
negative ion resonances revealed by DEA spectroscopy in the
gas phase.

The response of single model compounds of DNA to
LEEs has been studied in great detail,[1, 14] but thus far it was
unclear whether such gas-phase results can be transferred to
the condensed phase and the situation in an oligonucleotide;
that is, how the anion resonances observed in gas-phase
experiments can be connected to an actual DNA strand-break
process. In the present study we compare the gas phase results
to absolute strand-break cross sections obtained at three
different electron energies using our recently established
DNA origami-based technique.[15, 16] In this way we accurately
quantify the effect of the incorporation of radiosensitizers
into oligonucleotides and, hence, can assess the quality of
potential radiosensitizers.

Figure 1a shows the general approach for the determi-
nation of the absolute cross sections for DNA strand breakage
induced by LEEs (detailed experimental procedures can be
found in Ref. [15–17] and in the Supporting Information).
Two different biotinylated target sequences are attached to
the DNA origami platforms, which are immobilized on Si/
SiO2 substrates. After electron irradiation, the remaining
intact oligonucleotides are visualized by atomic force micros-
copy (AFM) with streptavidin (SAv). In Figure 1 b, a non-
irradiated control sample is shown, and in the expanded area,
the two different positions of two target sequences (central
and side positions, respectively) can be clearly distinguished.
As the target sequence we chose 5’-d(TT(ATA)3TT) (side
position) and 5’-d(TT(2FAT2FA)TT) (central position) to
directly compare the strand-break yields of a non-modified
DNA sequence and a DNA sequence modified with 2FA. It
was demonstrated previously that 5’-d(TT(ATA)3TT) is
particularly sensitive to damage by LEEs.[15] For comparison
we have also determined strand-break cross sections upon
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10 eV electron irradiation for the sequences 5’-d(TT-
(GTG)3TT) and T12 (Figure 2 Right and Figure S1 in the
Supporting Information). Figure 1c shows a typical AFM
image after LEE irradiation. From the AFM images the
relative number of strand breaks (NSB) is determined for
various electron fluences (see the Supporting Information).
The fluence is chosen to be small enough that no saturation of
NSB is reached as it was observed in earlier experiments.[15]

From the slope of the linear fit of the exposure response curve
the absolute cross sections for strand breakage for the two
target sequences are obtained as shown in Figure 2 for 10 eV
electrons. 10 eV was chosen because in previous experiments
using plasmid DNA the highest strand break yield was found
at this energy.[5, 18] For the non-modified DNA sequence 5’-
d(TT(ATA)3TT) we find a strand-break cross section of s =

(0.80� 0.12) × 10¢14 cm2, whereas for the modified sequence
5’-d(TT(2FAT2FA)TT) we obtain a value of s = (1.34� 0.22) ×
10¢14 cm2. This results in a strand-break enhancement factor
(EF) of 1.7� 0.5. This value corresponds to the highest EF
found in previous studies of BrU-modified oligonucleo-
tides.[16] Very recently, an EF of approximately 1.5 was
reported for SSBs in plasmid DNA mixed with cisplatin and

derivatives irradiated with 10 eV electrons.[19] This
indicates that 2FA is an effective radiosensitizer in
terms of enhancement of strand breakage. The
modified sequence 5’-d(TT(2FAT2FA)TT) also
shows a higher sensitivity towards 10 eV electrons
compared to the sequences 5’-d(TT(GTG)3TT) and
5’-dT12, which have strand break cross sections
of (0.57� 0.12) × 10¢14 cm2 and (0.79� 0.07) ×
10¢14 cm2, respectively (Figure 2).

The absolute cross sections for strand breakage
are in the same order of magnitude as the effective
and absolute cross sections found in earlier studies
for strand breakage in plasmid DNA ((2.7� 1.8) ×
10¢14 cm2 and (3.8� 1.2) × 10¢14 cm2, respec-
tively).[20]

To obtain more information on the involved
negative ion resonances and specific DEA reac-

tions, we have studied DEA to 2FA in the gas phase using
a crossed electron-molecular beam experimental setup to
record fragment anion yields as a function of electron energy
(see the Supporting Information for more detailed informa-
tion on the experimental procedure). The anion yield curves
of selected fragmentation products are shown in Figure 3.

In total, fragment ions have been observed within
resonant features located at 0.3–3 eV, 4–7 eV, and weakly
around 10 eV (see below). Two fragment anions at m/z 133
((2FA¢H¢F)¢) and m/z 132 ((2FA¢2H¢F)¢) have been
observed, both within a broad resonance centered at 5.5 eV
(Figure 3a,b). The fragment anion at m/z 132 appears addi-
tionally around 10 eV with a lower intensity. The fragment
anions are formed by the loss of F and one or two H atoms,
respectively, from the transient negative ion 2FA#¢. The same
m/z ratios have previously been observed in A, at 7.0 and
10.5 eV for the loss of two H atoms and at 6.5 and 10.9 eV for
the loss of three H atoms.[21] Due to the presence of F in 2FA,
the negative-ion states of 2FA are shifted to lower energies
compared to A resulting in lower vertical attachment
energies. The ion yield curves in Figure 3 clearly show the
pronounced resonance around 5.5 eV and only a weak signal
around 10 eV. This situation is in contrast to the ion yield

Figure 1. a) Experimental procedure to determine the absolute cross sections of
DNA strand breakage. b), c) Examples of AFM images of b) a non-irradiated control
sample and c) a sample irradiated with 10 eV electrons for 60 s at 5.5 nA.

Figure 3. Ion count rate C for fragment anions detected at m/z 133
and 132 resulting from electron attachment to 2FA. These fragmenta-
tion products are mainly observed within broad resonances at 4.5–
7.0 eV. E = electron energy.

Figure 2. Left: Fluence dependence of strand breakage of the two
oligonucleotide sequences 5’-d(TT(2FAT2FA)3TT) (sequence a)and 5’-d-
(TT(ATA)3TT) (sequence b). Irradiation was performed at 10 eV elec-
tron energy. Right: Absolute strand-break cross sections s obtained
from the linear fit of the fluence dependence of strand breakage in
different sequences. For clarity only the central sequence is shown.
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curves obtained for the same m/z ratios from A.[21] There,
a clear signal at 10.5 eV was observed at m/z 133, which is
even more dominant at m/z 132. Both resonances are
assigned to a core-excited resonance. The formation of the
m/z 133 and m/z 132 ions can also be accompanied by the
formation of neutral HF, which has a high binding energy and
can then thermodynamically drive the reaction. Indeed, it is
frequently observed that the formation of fragment anions in
the case of halo-nucleobases is driven by the formation of
a neutral stable molecule of a halogen acid. This has been
recently reported for 5-chlorouracil, 6-chlorouracil[22] , and
2ClA.[23] In contrast, for 5-bromouracil (5BrU) only the loss of
the Br atom resulting in (5BrU¢Br)¢ was observed.[24] This can
be easily attributed to the difference of the binding energy of
H¢X (X = F, Cl or Br), which decreases substantially from HF
(5.9 eV) to HCl (4.5 eV) and HBr (3.8 eV).[25]

To test whether the anion resonance observed in the gas
phase at 5.5 eV also leads to higher strand-break cross
sections, a further condensed-phase experiment has been
performed at 5.5 eV, which corresponds to the maximum of
the resonance shown in Figure 3.

As shown in Figure 4, both sequences 5’-d(TT(ATA)3TT)
and 5’-d(TT(2FAT2FA)3TT) indeed have a higher strand-break
cross section at 5.5 eV than at 10 eV indicating a higher
sensitivity of both sequences towards 5.5 eV electrons. How-
ever, the EF is again 1.6� 0.1 at 5.5 eV, which is the same
(within the error bars) as that determined for 10 eV. In DEA
to gas-phase 2FA, the anion fragment (2FA¢2H¢F)¢ appears
at 5.5 eV and with lower intensity at 10 eV. This correlates
well with the observed strand break cross sections. In DEA to
A, the anion fragment (A¢2H)¢ and a number of smaller
fragment anions are formed at 5.0–6.0 eV and around 10 eV.
The present results indicate that the LEE-induced strand
breakage is particularly effective using the resonances at
around 5.5 eV. This is also in accordance with recent experi-
ments using plasmid DNA, in which the maximum strand
breakage was found at 5.5 eV.[26] Additionally, we have
determined strand-break cross sections at 15 eV for the
same sequences (Figure 4 and Figure S2 in the Supporting
Information), which are clearly lower than those at 10 eV.
Nevertheless, the enhancement is the same within the error of

the experiment (EF = 1.7� 0.9). The EF accounts for the
more efficient decomposition of 2FA compared to A within the
oligonucleotide, which is true for each electron energy
considered herein.

The discussion above is focused on the electron-energy
regime > 5 eV. However, it should be noted that the most
intense ion observed in DEA to 2FA is the dehydrogenated
molecular anion [Eq. (1)]:

2FAþ e¢ ! 2FA#¢ ! ð2FA¢HÞ¢ðm=z 152Þ þH ð1Þ

The corresponding ion yield curve is shown in Figure 5a
revealing a broad signal at 0.3–3.5 eV, which is composed of at
least three resonances located at 0.8, 1.29, and 2.0 eV. At
these low electron energies, the extra electron occupies
a formerly empty molecular orbital without changing the
initial electron configuration. Since the potential energy curve
of such MOs is typically repulsive, the electron must be
captured in a metastable state through a centrifugal energy

barrier (denoted here as 2FA#¢).[27] A dehydrogenated
parent ion was previously also observed in DEA to
adenine (A) and 2-chloroadenine (2ClA) within sev-
eral overlapping resonances between approximately
0.7 and 2.2 eV.[21,23, 28, 29] By using different methylated
A derivatives, the resonances below 1.5 eV were
assigned to an H loss from N9 (see Figure 5b a for the
typical atom labelling in purine bases).[28] In both A
and 2ClA the lowest energy resonances were assigned
to vibrational Feshbach resonances (VFRs), whereas
the signals between 1.1 and 2.2 eV were assigned to p*
resonances.[23, 28]

Taking the previous measurements on A and 2ClA
into account, the 0.8 eV signal in the ion yield curve of
(2FA¢H)¢ is assigned to a VFR, and the signals at
1.29 eV and 2.0 eV are assigned to p* resonances.

Figure 4. Left: Fluence dependence of the strand breakage of the two oligonu-
cleotide sequences 5’-d(TT(2FAT2FA)3TT) (sequence a) and 5’-d(TT-
(ATA)3TT) (sequence b). Irradiation was performed at 5.5 eV electron energy.
Right: Comparison of the absolute strand-break cross sections s obtained from
the linear fit of the fluence dependence of strand breakage from 10 and 5.5 eV.

Figure 5. a) Ion count rate C for the fragment anion detected at m/
z 152 within the energy regime of 0.3–3.5 eV resulting from electron
attachment to 2FA. b), c) Results of ab initio calculations of the anion
of 2FA. b) Dipole-bound anion state of 2FA (MP2/CCSD(T)) showing
also the molecular structure and the atom labeling of 2FA, and c) the
valence-bound anion of 2FA (MP2).

Angewandte
ChemieCommunications

10250 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 10248 –10252

http://www.angewandte.org


Compared to A, the resonance positions are slightly shifted to
lower energies in 2FA owing to the presence of the F atom. In
2FA, the H abstraction can take place from N9, from the NH2

group, or from C8. Based on the previous findings on A[28] and
2ClA,[23] the H loss below 2.0 eV is ascribed to a cleavage of the
N9¢H bond.

This is supported by ab initio calculations that we have
performed at the DFT/B3LYP, MP2 and MP2/CCSD(T)
levels of theory. The calculations predict metastable molec-
ular valence-bound anions of 2FA, which are adiabatically
unbound with an electron affinity of ¢0.71 eV (MP2) and
¢0.67 eV (CCSD(T)), respectively. The MO representation
of the valence bound anion (MP2) is shown in Figure 5c.
However, the calculations indicate that 2FA possesses a very
high dipole moment (4.6 Debye), suggesting that an excess
electron may be bound by the dipole force.[30] Indeed, adding
extra diffuse functions to the aug-cc-pVDZ basis set allows us
to render the dipole-bound anion state (DBS) stable (at
KoopmanÏs theory level). However, only CCSD(T) correc-
tion to the electron energy leads to positive values of the
adiabatic electron affinity (0.02 eV). The DFT calculations
predict only a geometrically stable DBS with an electron
affinity of ¢0.24 eV. In both DBS anionic states (MP2/
CCSD(T) and DFT), an extra electron localizes close to the
N9¢H bond in 2FA, (see Figure 5b). This is most likely the
precursor state for the H loss from 2FA¢ , in agreement with
previous findings on A and 2ClA.[23, 28] In the present case, the
energy thresholds for hydrogen loss from 2FA¢ from N9, C8,
and N6 are 0.83, 1.90, and 3.08 eV, respectively (determined at
DFT level), corresponding well to the broad feature on the
DEA spectrum in Figure 5a. In conclusion, the lowest energy
signals (peaking at 0.8 eV) are tentatively assigned to H loss
from N9 most likely through a DBS, whereas the signals
peaking at 1.29 and 2.0 eV are most likely due to p* valence
states.

In addition to the fragment anions shown in Figures 3 and
5, we have also observed the smaller fragments FCN2

¢ (at
0.55 eV), FCN¢ (at 0.07 eV), and CN¢ (at 1.61 eV and weakly
around 6.3 eV), which are shown in Figure S1 in the
Supporting Information. FCN¢ is formed with considerable
intensity and could therefore represent an important pre-
cursor for strand breakage induced by very low-energy
electrons close to zero eV.

In conclusion, the present gas- and condensed-phase
experiments indicate that 2FA is an efficient radiosensitizer as
a result of its increased reactivity towards LEEs. The
condensed-phase experiments have shown a pronounced
energy dependence of strand-break cross sections. The
anion resonances observed at 5.5 eV in the gas phase are
very likely the precursors of the strand break process
observed in oligonucleotides in the condensed phase.
Remarkably, the strand-break enhancement factor is 1.6–1.7
at all investigated energies, that is, 5.5, 10, and 15 eV. It needs
to be explored in further experiments whether the strand-
break cross sections follow a similar resonant profile as
suggested by the gas-phase DEA data by recording a detailed
energy dependence of the strand break cross section. In the
future, we will extend our study to double-stranded DNA to
explore the effect of 2FA on double-strand breaks. This

physicochemical insight into the mechanism of radiosensiti-
zation supports the use of 2FA as a radiosensitizer in tumor
radiation therapy.
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We have performed inner-shell electron impact action spectroscopy of mass and charge selected

macromolecular ions. For this purpose, we have coupled a focusing electron gun with a linear

quadrupole ion trap mass spectrometer. This experiment represents a proof of principle that an

energy-tunable electron beam can be used in combination with radio frequency traps as an activa-

tion method in tandem mass spectrometry (MS2) and allows performing action spectroscopy.

Electron impact MS2 spectra of multiply protonated ubiquitin protein ion have been recorded at

incident electron energies around the carbon 1 s excitation. Both MS2 and single ionization energy

dependence spectra are compared with literature data obtained using the soft X-ray activation

conditions. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941798]

There has been a long standing effort to develop experi-

mental techniques to investigate photon and electron interac-

tion with large molecular species and complex systems

under controllable, well-defined and single-collision condi-

tions.1–4 In this respect, an important breakthrough has been

made in recent years by successful coupling of synchrotron

radiation sources with ion traps, to perform photon activation

of mass over charge (m/z) selected ions confined in the gas

phase.5–9 Indeed, by using electrospray ionization (ESI)

technique10 to extract macromolecular ions from solution,

tandem mass spectrometry (MS2)11 and action spectros-

copy3,12 of unprecedentedly large species could be per-

formed. Recently, we have applied near-edge X-ray fine

structure (NEXAFS) action spectroscopy to investigate inter-

play between the electronic and the three-dimensional struc-

ture of gas phase ubiquitin protein.13

However, electron impact activation MS2 of large bio-

polymer ions trapped in a radio frequency (RF) ion trap, and

corresponding electron impact action spectroscopy, is con-

siderably more challenging. Indeed, in contrast to photons,

electrons are very sensitive to the oscillating electric field.

Depending on the incident electron energy, RF can strongly

influence spatial and energy profiles of an electron beam and

ultimately prevent the electrons entering the trapping region.

Moreover, both primary and scattered electrons (from back-

ground gases and surrounding surfaces) can be extracted

towards ion detectors (as composed of conversion dynodes

and electron multipliers), inducing a significant noise in the

recorded mass spectra or even damage the detectors. All

these issues have certainly penalized the use of an energy-

tunable focused electron beam as activation technique in

MS2 based on RF ion traps. It should be noted, however, that

since the invention of electron capture dissociation (ECD),14

low-energy electron attachment to macromolecular ions has

become a widely used activation method in MS2 increasing

the potential of top-down protein sequencing.15 Using higher

energy electrons, electron impact ionization of multiply pro-

tonated ions could be also achieved in Fourier transform ion

cyclotron resonance (FT-ICR) ion trap instruments.16

Although electron activation techniques were originally per-

formed using the FT-ICR trap, a great deal of research has

been devoted in recent years to development of technical sol-

utions allowing for efficient ECD in RF traps (see Refs.

17–20 and references therein). Still, all these reports are con-

cerned with bringing low energy (close to 0 eV) electrons

into an RF trap, in order to produce efficient fragmentation

of macromolecular ions via electron attachment. Recently,

Voinov and coworkers reported the implementation of a ra-

dio frequency-free analyzer-independent cell21 allowing

ECD in triple quadrupole instruments. The method was also

demonstrated in hybrid quadrupole time of flight instru-

ments.22 Interestingly, low energy electron impact ionization

could be achieved using this setup.

However, high-energy electron impact activation/spec-

troscopy of trapped ionic species has not been reported yet.

This is surprising considering that the scientific community

is appealing for a technique that would allow controllable

investigation of electron interaction with macromolecular

systems. Such measurements could open new spectroscopic

investigations and shed new light on radiation damage

research.1 Also, profound understanding of electron interac-

tion with complex exotic molecules could help development

of new applications, such as Focused Electron Beam

Induced Deposition (FEBID).23 Finally, energy-tunable elec-

tron impact activation MS2 allows fragmentation via selec-

tive inner-shell excitation of a macromolecule. This could

open new possibilities for advanced top-down sequencing by

loading incident energy into specific parts of the macromole-

cule or inducing preferential type of fragmentation via cho-

sen resonant excitation.

In this letter, we present a system allowing energy

resolved electron impact activation MS2 of m/z selected pro-

tein ions confined in a RF linear quadrupole ion trap. The

a)Authors to whom correspondence should be addressed. Electronic

addresses: alexandre.giuliani@synchrotron-soleil.fr and vraz@ipb.ac.rs
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instrument is based on an energy-tunable focused electron

beam providing incident electron energies around C K-shell

excitation. We recorded MS2 spectra at selected electron

activation energies and performed action electron spectros-

copy of trapped protein ions. Moreover, we report a compar-

ative study of inner-shell protein ionization by electron

impact and X-ray absorption.

The experiment was performed by coupling a commer-

cial linear quadrupole ion trap mass spectrometer (Thermo

Scientific LTQ XL), equipped with an ESI source, to a dif-

ferentially pumped vacuum stage including a custom-made

electron gun assembly. The electron gun and the correspond-

ing assembly were developed at the Institute of Physics

Belgrade (IPB), Serbia. The experiment was conducted at

the DISCO beamline of the synchrotron SOLEIL, France,

where the electron-LTQ XL assembly was constructed.

Fig. 1 presents a schematic drawing of the experimental

setup. Six-way CF100 cross was used as a vacuum chamber,

which was mounted on a movable support, and connected to

the backside of the LTQ XL mass spectrometer. The assem-

bly holding the electron gun was mounted on a custom made

CF100 flange, with electrical feed-through. The remaining

flanges of the cross were used to fit a turbomolecular pump,

a cold cathode ionization gauge, and a viewport. During the

experiment, the pressure was 4� 10�6 mbar in the cross and

1� 10�5 mbar in the vacuum manifold of the LTQ XL. The

coupling of the CF100 cross with the back plate of the mass

spectrometer was achieved using a bellows, to allow precise

alignment of the electron gun axis with respect to the ion

trap axis. The LTQ XL mass spectrometer was also mounted

on a dedicated custom-made movable frame allowing a fine

tuning of the ion trap position, as previously used for align-

ment with the photon beam.24 Therefore, optimal overlap

between the electron beam and ion packet was achieved by

both fine positioning of the mounting frames and steering of

the electron beam using the XY deflectors. Prior to the

experiment, a pre-alignment was performed by measuring

incident electron current on an electrode installed temporar-

ily behind the trap, downstream the electron beam (see

Fig. 1).

The electron gun was described in details previously.25

Briefly, it consists of an extraction part and a focusing part

(also including semi-cylindrically shaped XY deflectors to

steer the beam). The electrons are emitted from a thoriated-

tungsten cathode. The electron energy and all focusing vol-

tages are controlled by a custom-made electronic board. The

irradiation time was controlled by applying a variable DC

pulse voltage on the Wehnelt electrode of the electron gun

(see Fig. 1) that otherwise suppresses an electron emission

from the filament. A dedicated electronic shutter circuit was

designed in order to trigger and control the electron beam

pulses by using the transistor-transistor logic (TTL) signal

from the LTQ XL. The measurement procedure consisted of:

ion production and injection into the trap, precursor isola-

tion, electron irradiation, ion ejection, and detection, as pre-

viously used for photon irradiation.5,7,24 The shortest

irradiation time can be set to a few tens of ms, but 500 ms

was used in the present experiment. In order to reduce back-

ground contributions, the TTL signal from the LTQ XL was

sent through a digital delay generator (DG645, Stanford

Research Systems, Sunnyvale, CA, USA) that provides a

short delay (usually adjusted to 200 ms) of the ion ejection,

after the electron irradiation was stopped.

The main issue in this experimental concept is that a

focused electron beam is introduced into a RF field, which

can, in principle, strongly influence the beam properties. The

LTQ XL quadrupole ion trap uses a combination of DC and

RF voltages. The DC component is 6100 V. The RF electric

field has an amplitude of 400 V peak-to-peak and a fre-

quency of 1 MHz.26 Therefore, even for the shortest electron

pulses of a few tens of ms, the electron beam appears as con-

tinuous for the RF performance (a full RF cycle is 1 ls).

Nevertheless, at the energy of about 300 eV, which is of in-

terest for the present study (vicinity of C K-edge), an elec-

tron travels a half-length distance (34 mm) of the ion trap in

about 5 ns. Therefore, we expect that a dominant portion of

the incident electron current reaches the interaction volume

almost undisturbed, while only small part is lost on the trap

electrodes.

To investigate propagation and characteristics of the

electron beam passing through the LTQ ion trap during 1 RF

period, we performed electron tracing simulations using

SIMION 8.2 program package27 (Fig. 2). A continuous elec-

tron beam is simulated by a train of 1 ns pulses with 121

electrons arranged in a 0.5 mm square grid, which simulates

a realistic electron current of 75 nA. Figs. 2(b) and 2(c) show

simulated radial and kinetic energy distributions, respec-

tively, of the electrons that can reach the center of the trap,

for the starting energy of 300 eV and the initial beam radius

of 0.5 mm. The simulations show that both the geometrical

beam profile and the initial energy spread (limited to about

0.5 eV due to the emission from a hot cathode) are largely

preserved in the interaction region, even though some dis-

turbance due the RF field is inevitable.

Fig. 3(a) presents an electron activation MS2 spectrum

of multiply protonated ubiquitin protein ion (precursor

charge state 7þ) after electrospray ionization measured at

288 eV incident electron energy. Besides the peak corre-

sponding to the precursor ion [Mþ7H]7þ at m/z 1225, the

dominant peak in the electron impact MS2 lies at m/z 1071,

FIG. 1. Schematic representation of the experimental setup. (a) 1–tungsten

filament, 2–Wehnelt electrode, 3–disc plate for current measurement,

4–quadrupole and octopole filters, 5–electrospray ion source. (b) i–ion injec-

tion and selection, ii–electron activation of selected ions, and iii–detection

of fragments.
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which represents a radical singly ionized cation [Mþ7H]8þ.

We ascribe the other closely positioned intensive peak at

about m/z 1066 to a small neutral loss from the ionized 8þ
ion. Due to limited mass resolution for such high charge

states, we cannot exactly define the mass of the neutral loss.

We can tentatively assume that it could be due to amino

acids side chain losses.12 Finally, besides the single

ionization (SI) process, which is clearly the dominant relaxa-

tion channel upon inner-shell electron impact excitation of

ubiquitin, the peak corresponding to doubly ionized cation

[Mþ7H]9þ can also be traced down in the MS2 at m/z 952.

And the latter is accompanied by intensive neutral losses, as

well. The abundances of other fragments are much lower and

thus will not be discussed in the present study. It should be

noted, however, that low-mass background was also detected

(not shown here) and removed, most probably originated

from electron ionization of neutral gasses present in traces in

the trap and the electron-induced noise.

For comparison, Fig. 3(b) presents X-ray activation MS2

of the same 7þ precursor and at practically the same photon

energy of 288.2 eV. The results are extracted from recent X-

ray inner-shell spectroscopy of gas-phase proteins by cou-

pling the same ion trap to the PLEIADES soft X-ray beam-

line at the SOLEIL facility13 (note that the X-ray spectrum

was measured with higher m/z resolution). The correspon-

dence between the two spectra is striking. Indeed, the ioniza-

tion of the protein is the result of the resonant Auger decay

process, triggered by carbon 1 s electron excitation to a fron-

tier molecular orbital and a core hole formation. The ioniza-

tion/fragmentation pattern, however, does not depend

significantly on the triggering process itself.13 This finding is

also important for the studies on radiation damage of pro-

teins, particularly considering recent results suggesting that

proteins were damaged by X-ray radiation at a faster rate

than is DNA.28

Nevertheless, it should be pointed out that the two dis-

cussed processes—electron and photon inner-shell excita-

tion—are intrinsically different. In the case of X-ray

activation, an incident photon is resonantly absorbed at the

energy that corresponds to the transition involving a core

electron. In the case of electron impact activation, the inci-

dent electron transfers part of its energy to the system trig-

gering the electronic transition and is scattered out suffering

the corresponding energy loss. Furthermore, in the present

experiment, the incident electron energy is only slightly

above the transition energy. Therefore, the electron excita-

tion is performed under so-called near-threshold condi-

tions.29 Consequently, the acquisition of MS2 as a function

of the electron energy, in the same way as we measured

action NEXAFS spectra of gas phase protein,7,13 will yield

in the present case the action near-edge electron excitation

function (NEEEF).

Fig. 4 presents NEEEF (circles) and NEXAFS (dashed

line)13 action spectra of ubiquitin 7þ precursor. In both

cases, an area under the peak in MS2 corresponding to singly

ionized radical [Mþ7H]8þ (see Fig. 3) has been normalized

to the total ion current, and plotted as function of the activa-

tion electron or photon energy, respectively. In the case of

the NEEEF spectrum, the focal properties of the electron gun

are adjusted as a function of the electron energy to preserve

a constant beam profile. These focusing voltages have been

determined prior to MS2 experiment by measuring electron

current passing through the ion trap. Experimental details

about the NEXAFS spectra are given in the previous publica-

tion.13 The spectra presented in Fig. 4 are normalized to the

same area under the curve.13 The electron-induced SI yield

is measured with lower energy resolution, which is due to

FIG. 3. Comparison of tandem mass spectra of Ubiquitin 7þ precursor for

energies near carbon K-edge activated with: (a) electrons (isolated m/z

1222.8–1225.8) and (b) photons (isolated m/z 1223.4–1226.4). The electron

irradiation was performed during 500 ms (200 ms acquisition delay), with

estimated 1013 electrons/second. The photon irradiation was performed dur-

ing 600 ms (50 ms acq. delay), with estimated 1012 photons/second.

FIG. 2. Simulation of pulsed electron beam propagation in a linear quadru-

pole ion trap under influence of RF (1 MHz, 400 V) and DC (100 V) poten-

tials. A total of 1.2� 105 electrons, during a pulse width of 1 ls, at the

energy of 300 eV and with a beam diameter of 0.5 mm, was directed along

the axis of the ion trap. (a) The simulation of the propagation of the electron

beam; (b) the spatial distribution, and (c) the energy distribution of electrons

recorded at the center of the ion trap.
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both using of an electron gun (without an electron mono-

chromator) and additional beam energy broadening inside an

RF trap (see Fig. 2).

The electron impact SI yield of ubiquitin protein (Fig. 4,

circles) shows strong incident energy dependence. The cross

section starts increasing at the energy that corresponds to C

1s! p*aromatic transition at about 284.5 eV and steeply rises

reaching a maximum at about 288 eV, which corresponds to

1s! p*amide transition. The SI yield slowly decreases with

further increasing of the impact electron energy. There is a

clear correspondence between the two sets of results

obtained using X-ray or electron irradiation. Indeed, in both

cases, the SI of the precursor proceeds from carbon core

excited molecular transient state via Auger decay.

Nevertheless, as already pointed out, the excitation processes

itself is essentially different. Therefore, the electron energy

dependence may be distinctly different, since in the electron

impact case, a triggering process is due to near-threshold

electron collision. Moreover, scattered electrons carry out

some residual energy and the core excitation does not have

to be resonant, so at a particular impact energy, it depends

on the redistribution of excitation cross sections. It should be

noted that previously, Cooper et al.30 performed the inner

shell electron energy-loss spectroscopy of a condensed pro-

tein, but recorded under scattering conditions where electric

dipole transitions dominate (2.5 keV residual electron energy

and 2� scattering angle). Such spectra, however, are to be

compared with X-ray absorption data, as represented here by

action NEXAFS spectrum (blue curve).

In conclusion, we have demonstrated energy-tunable

focused electron beam activation of m/z selected trapped

protein ions by coupling an electron gun to a linear quadru-

pole ion trap mass spectrometer. We have shown that both

electron and X-ray activation produce very similar MS2 pat-

terns, which is defined by resonant Auger decay process

regardless of triggering process. However, the energy

dependences are not to be directly compared, since in the

case of electron action spectroscopy, an electron impact

near-threshold excitation takes place. Therefore, the present

experiment suggests a possibility to perform a comparative

study of electron and photon induced excitation of macromo-

lecular ions and to discuss intrinsic differences between the

two processes, which will be undertaken in future

publications.

The present results pave a way to developing methods

for investigation of electron interaction with macromole-

cules, complex systems and nanoparticles, under well-

defined conditions, and in a wide energy range. Moreover,

we demonstrate a proof of principle for an activation method

for MS2 top-down macromolecular sequencing using high-

energy electron impact activation of trapped ions. This may

be a complementary low-cost method that allows investigat-

ing only specific fragmentation processes, depending on the

activation energy.
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Abstract. A new apparatus was designed, coupling an electron gun with a linear quadrupole ion trap mass
spectrometer, to perform m/z (mass over charge) selected ion activation by electron impact for tandem
mass spectrometry and action spectroscopy. We present in detail electron tracing simulations of a 300 eV
electron beam inside the ion trap, design of the mechanical parts, electron optics and electronic circuits
used in the experiment. We also report examples of electron impact activation tandem mass spectra for
Ubiquitin protein, Substance P and Melittin peptides, at incident electron energies in the range from 280 eV
to 300 eV.

1 Introduction

The electron interaction with atoms and molecules in the
gas phase has been studied for more than a century and
has undergone several revivals [1]. Over the years, the
electrons were used as a probe to reveal fundamental
properties of atoms and molecules such as their electronic
structure and chemical reactivity. The gas phase electron
spectroscopy also discovered some important electron-
collision phenomena such as low-energy resonances [2,3]
and crucially helped to reach an intrinsic understanding of
the complex electron-atom (molecule) collision processes,
as well as their proper theoretical modeling [4]. Also,
inner-shell electron spectroscopy of gas phase molecules
found wide applications in different research fields [5].

In recent decades, however, the use of the gas-phase
electron spectroscopy to investigate fundamental proper-
ties of matter has been challenged by the photon spec-
troscopy, due to the development of extremely bright pho-
ton sources with ultra-high energy resolution, such as
lasers and accelerator based facilities (e.g. synchrotrons
and free electron lasers). Still, a new wave of studies of

� Contribution to the Topical Issue “Advances in Positron
and Electron Scattering”, edited by Paulo Limao-Vieira,
Gustavo Garcia, E. Krishnakumar, James Sullivan, Hajime
Tanuma and Zoran Petrovic.

a e-mail: aleksandar.milosavljevic@synchrotron-
soleil.fr

electron interaction with isolated atoms and molecules
was triggered at the beginning of the 21st century by
a need to better understand the role of secondary elec-
trons, intensively produced along the track of high-energy
primary particles, in the radiation damage of biological
material. Motivated by the finding that low-energy sec-
ondary electrons can induce resonant single and double
strand breaks in a plasmid DNA film [6], a plethora of ex-
perimental studies on gas phase electron interaction with
different relatively small molecules representing building
blocks of biopolymers, have been performed [7]. The idea
was to extrapolate the results of these studies to more
complex systems and, hopefully, to reach a better un-
derstanding of electron-induced processes in the real bi-
ological environment. However, it is questionable to what
extent this premise stands, which is also a point of a
long-standing discussion within the scientific community.
Clearly, there is a gap between the studies of electron in-
teraction with small gaseous molecules performed under
well-defined single-collision conditions and the processes
in real biological systems. To bridge this gap, studies with
isolated macromolecules and complex molecular systems
are needed.

The development of experimental techniques for gas
phase electron spectroscopy has faced a number of chal-
lenges. One of the earliest was the need for devices that
allow for electron spectroscopy with high energy resolu-
tion, which leads to the development of different types
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of energy selectors [8]. The other example is the develop-
ment of magnetic angular changer that allows measure-
ments of differential cross sections for electron scattering
in the backward hemisphere [9]. Then, with growing in-
terest in low-energy electron-induced processes, there was
a need to develop methods to perform low-energy elec-
tron collision studies, down to practically 0 eV, with the
high energy resolution, while preserving a high sensitiv-
ity (signal to noise ratio). In this respect, the work of
Allan and Buckman are of profound interest for the field.
They have developed, conducted, supervised or inspired
measurements with an unprecedented combination of high
electron energy resolution and sensitivity, and in the ex-
tended angular and energy ranges, allowing new insights
into low-energy electron-induced processes and molecular
properties (see [3,10–16] and references therein).

On the other hand, a permanent challenge in the field
of gas phase electron spectroscopy was to increase the
complexity of the targets. There has been a long-standing
effort to perform gas phase single-collision studies of
(bio)macromolecules, nanoparticles, clusters, solvated sys-
tems, radicals, ionic species and other exotic species.
Several groups, including those of Allan and Buckman,
made pioneering contributions in this respect. For exam-
ple, Maddern et al. [17,18] and Brunton et al. [19,20] re-
ported measurements of absolute differential cross sections
(DCSs) for molecular radicals in the gas phase. Also, low-
energy electron interaction and dissociative electron at-
tachment (DEA) to highly reactive species and radicals
has been investigated by Haughey et al. [21] and Field
et al. [22]. There were also experiments with clusters and
doped clusters [23–25] and references therein), as well as
DEA to molecules brought into the gas phase by laser-
induced acoustic desorption (LIAD) [26]. So far, electron
interaction with small gaseous biomolecules has been ex-
tensively investigated [7,27]. For these studies, effusive
target molecular beams under high vacuum were usually
produced by using ovens. However, these sources are lim-
ited considering the size and complexity of the produced
targets, since the target molecules may undergo thermal
dissociation [28].

In 2010, Milosavljević et al. [29], followed by Bari
et al. [30] in 2011, have reported experimental systems
coupling a radio frequency (RF) ion trap, fitted with an
electrospray ionization (ESI) source, with the synchrotron
beamline, allowing VUV and X-ray gas-phase action spec-
troscopy of mass over charge (m/z) selected macromolec-
ular ions stored in the ion trap [31–35]. By using ESI, large
macromolecules (e.g. proteins) and complex systems (e.g.
nanosolvated peptides) could be isolated in the ion trap in
the desired charge state and studied using tandem mass
spectrometry (MS2) [36] and action spectroscopy [35,37].
Therefore, it would be of interest if such setup could
also be used to study electron interaction with trapped
macromolecular ions, in a wide range of electron energies.
However, in contrast to photons, electrons are charged
particles, thus affected by both DC and RF fields that
provide ion trapping. Depending on the incident energy,
an electron beam can be significantly disturbed even be-

fore reaching the target ion packet. Moreover, bouncing
electrons in the ion trap produce noise, background ion-
ization and could even be extracted towards ion detectors
(composed of conversion dynodes and electron multipli-
ers) and affect their performance. All these factors could
drastically reduce signal to noise (s/n) ratio and even pre-
vent measurements, thus discouraging any attempt of such
experiments.

On the other hand, the mass spectrometry community
has been developing for years methods for electron induced
dissociation of large biopolymers by using electron capture
dissociation (ECD) [38]. This technique is increasingly
popular as an activation method in MS2 for top-down pro-
tein sequencing [39]. Originally, electron activation tech-
niques were performed in ion cyclotron resonance (ICR)
traps, as the strong magnetic field used for these devices
could also confine and guide low-energy (close to 0 eV)
electrons into the ion trap. Nevertheless, in recent years,
there is a large interest to develop devices that could pro-
vide ECD in RF ion traps, as well (see [40–43] and refer-
ences therein). Also, Voinov and coworkers reported the
implementation of a radio frequency-free analyzer inde-
pendent cell [44] allowing ECD in triple quadrupole in-
struments. However, all these techniques are concerned
with bringing electrons at energies close to 0 eV into an
RF trap, providing efficient fragmentation of macromolec-
ular ions via dissociative electron attachment.

We have recently reported a novel experimental system
allowing electron activation of trapped macromolecular
biopolymer ions stored in a linear RF ion trap, by using in-
cident electron energies of several hundred of eVs [45]. We
could record inner-shell electron activation MS2 of mul-
tiply charged ubiquitin protein. Moreover, by measuring
MS2 spectra at different incident electron energies around
the C K threshold, we could extract near-edge electron ex-
citation function (NEEEF), that is, perform action inner-
shell electron spectroscopy of a gas-phase m/z selected
protein ion [45]. The later work also paves the way to
action electron spectroscopy of isolated macromolecular
species in a wide range of electron energies and the elec-
tron activation MS2 for top-down protein sequencing. In
the present paper, we describe in detail design and perfor-
mance of this instrument [45] and present test measure-
ments for different target molecular species. We also dis-
cuss possible future improvements, particularly regarding
a decrease of the electron impact energy.

2 Design of the experimental setup

2.1 Electron tracing simulations

In order to assess the feasibility of focusing an electron
beam on the trapped ion packet, without significant dis-
turbance of beam properties due to the RF field, we have
performed extensive electron tracing simulations by using
the commercial program SIMION 8.2 [46]. The quadrupole
linear ion trap that was used in our experiment is an in-
tegral part of the LTQ XL mass spectrometer (Thermo
Scientific). A model of this trap made in the SIMION
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Fig. 1. Lateral (a) and longitudinal (b) cross sections of the
model of a linear quadrupole ion trap made in SIMION. The
ion trap comprises four hyperbolic electrodes of minimal radius
of r0 = 4 mm. RF voltage amplitude is A = 400 V, DC ampli-
tude is B = 100 V and a circular frequency is ω = 2π×106 Hz.
The ion trap consists of three axial sections and two disc elec-
trodes with a 2 mm aperture. DC voltages in Sections 1 and 3
are 10 V higher relative to the central Section 2, whereas po-
tentials on disc electrodes are kept grounded.

program is presented in Figure 1. It consists of four hy-
perbolic electrodes, divided into three sections in the axial
direction. The ion trap is 68 mm long, 30 mm wide and
has a minimal hyperbolic radius of 4 mm. Electrodes in all
sections have both DC and RF voltages applied. The max-
imal amplitude of RF voltage is 400 V with a frequency
of 1 MHz while maximal DC voltages are +100 V and
–100 V in reference to the ground. Actual amplitudes of
RF and DC voltages are the function of mass over charge
(m/z) ratio of ions isolated in the trap and are usually
lower. In order to estimate the highest possible perturba-
tion of the electron beam, maximal values are used in the
simulation. A polarity and a shape of DC and RF volt-
ages through electrode sections is defined with equations
displayed in Figure 1a. This configuration of voltages only
enables radial ion trapping, but in order to obtain axial
ion trapping as well, Section 2 has up to 10 V lower DC
potentials relative to the DC potentials in Sections 1 and 3
(see Fig. 1b).

Simulations of 300 eV pulsed electron beam propaga-
tion inside the ion trap are presented in Figures 2 and 3,
for three different Gaussian distribution pulse widths
of 1 µs, 100 ns, and 10 ns. The electron current per pulse
was 75 nA. The initial radius of the beam was 0.5 mm,
with a uniform distribution of starting electrons. Electrons
are generated on a disc at a 30 mm distance from the ion
trap, with initial trajectories parallel to trap axis. Space
charge effects of the electron beam were not included in
the simulation. The space between the electrodes was as-

Fig. 2. Simulation of 300 eV pulsed electron beam in a linear
quadrupole ion trap, for 400 V RF and 100 V DC, for three
different pulse widths of: (a) 1 μs, (b) 1 μs with He buffer gas,
(c) 100 ns and (d) 10 ns. The buffer gas was at the pressure
of 5 × 10−3 mbar and temperature of 300 K, while the total
electron-He interaction cross section of σ = 5.56×10−21 m2 [47]
was taken as the collisional cross section in the SIMION colli-
sional hard-sphere model [46].

sumed to be an absolute vacuum (Figs. 2a, 2c and 2d)
occupied by time-dependent 3D electric field generated
by the ion trap electrodes. We also performed a simula-
tion where the surrounding of the ion trap as well as the
region between the ion trap electrodes was filled with He
buffer gas (Fig. 2b).

A full period of RF electric field is 1 µs, thus the
simulation with the electron beam pulse width of 1 µs
(Fig. 2a) effectively represents a continuous electron beam.
The center of the Gaussian time distribution for elec-
trons is set at 0.5 µs with respect to the RF sine wave.
Even though electrons are highly scattered at the begin-
ning of the trap, a significant percentage of around 65%
manage to pass through the entire trap. Spatial and en-
ergy distributions of electrons at the half length of the
trap are recorded and presented in Figure 3a. Although
both distributions are clearly broadened in the middle
of the trap, we could conclude that majority of electrons
still have unperturbed energies corresponding to the ini-
tial one of 300 eV. Also, about 90% of electrons recorded
at the center of the trap still have radial positions less
than 0.5 mm, while the rest is scattered over the elec-
trodes. Still, it should be noted that in the real experi-
ment the ion trap is filled with He buffer gas at a pres-
sure of about 10−3 mbar, in order to cool the ions and
improve the trapping efficiency. Therefore, the buffer gas
could in principle affect the transmission and the focus-
ing of the electron beam. However, considering the low
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Fig. 3. Simulation of 300 eV pulsed electron beam in a linear
quadrupole ion trap, for 400 V RF and 100 V DC, for three
different pulse widths of: (a) 1 μs, (b) 1 μs with He buffer gas,
(c) 100 ns and (d) 10 ns. Spatial (left column) and energy (right
column) electron distributions were recorded at the center of
ion trap. The buffer gas was at the pressure of 5 × 10−3 mbar
and temperature of 300 K, while the total electron-He interac-
tion cross section of σ = 5.56× 10−21 m2 [47] was taken as the
collisional cross section in the SIMION collisional hard-sphere
model [46].

total cross section for 300 eV electron interactions with
He of 5.56× 10−21 m2 [47], as well as dominantly forward
elastic scattering, this influence should not be significant.
Figure 2b shows the SIMION electron tracing simulations
that included a standard collisional hard-sphere model [46]
for the ion trap filled with the gas at the pressure of
5× 10−3 mbar, the temperature of 300 K, and taking the
collision cross section in the model as the total electron-He
interaction cross section of 5.56×10−21 m2 [47]. The simu-
lations show that the focal properties of the electron beam
are still qualitatively well preserved, although the presence
of the gas causes a slightly lower transmission of 62% com-
pared to 65% obtained in the simulations performed in
vacuum. The spatial and energy distributions depicted in
Figure 3b are also very similar to those obtained with-
out the buffer gas (Fig. 3a). It should be stressed that

the used model is only an approximation, in order to ob-
tain a qualitative picture. Indeed, in a real experiment,
the electron-He interactions include both the elastic and
inelastic (excitation and ionization) process, and should
dynamically take into account the corresponding differen-
tial cross sections, which depend on the electron energy.
Such simulations are rather complex and out of the scope
of the present work. However, we can tentatively conclude
that the presence of the He buffer gas at about 10−3 mbar
dos not influence significantly the 300 eV electron beam
propagation through the RF ion trap, which was also con-
firmed experimentally according to the signal to noise ra-
tio in the action spectra.

Narrowing the electron pulse width to 100 ns and fine
tuning of the center of the time distribution of starting
electrons to 0.6 µs with respect to the RF sine wave, yields
around 80% of the electron transmission through the trap,
which can be seen in Figure 2c. The spatial and the elec-
tron energy distributions in Figure 3c are also broadened,
but at lower extent compared to the previous case of 1 µs
pulse width. Only a small number of electrons around is
scattered towards the electrodes, whereas the rest pass
through a full length of the trap with the transmission of
about 80%.

The electron beam does not seem to be affected at all if
the pulse widths are decreased down to an order of 10 ns,
Figure 2d. The electron energy distribution presented in
Figure 3d reveals relatively small broadening of 1–2 eV.
It should be noted that the thermo-electron emission pro-
cess introduces an energy spread of 0.5 eV to the initial
electron beam in the real experiment. However, geometri-
cal properties of the electron beam are almost unaffected.
The spatial distribution is smeared out, resembling a bell
like Gaussian shape. For comparison, the square profile
for the uniform spatial distribution of the initial electrons
is presented by dashed lines in Figure 3d (left side). The
electron beam effectively falls into a spatial resonance and
at a few points along the trap axis becomes compressed,
yielding an even smaller beam radius then the initial one.
However, for the pulse widths of this order of magnitudes,
the synchronization of the pulse propagation with the RF
field oscillation is crucial. According to our simulation, if
this synchronization is shifted for more than ±25 ns, the
electron transmission is practically blocked.

To conclude, the SIMION simulations demonstrate
that a pulsed electron beam, with a train of short pulses
of the order of 10 ns synchronized with the trap RF field,
would allow 100% transmission at 300 eV and even a very
efficient electron transmission at lower electron energies.
Unfortunately, such experimental conditions could not be
obtained in the present work, so the electron beam appears
as continues regarding the ion trap performance. Still, the
electron tracing simulations also show that at the energy of
about 300 eV, as used in the present measurements, both
the spatial profile and the energy spread of the continuous
electron beam are well preserved in the trap. Therefore,
the pulsing procedure is used in the present experiment
only to define the irradiation time and block the stream
of electrons during the ion acquisition, as described below.
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2.2 Timing procedure

The experiment is performed through several temporally
spaced sequences. These sequences are: (1) ion produc-
tion and selection; (2) ion activation by electrons; and (3)
fragment detection. An electrospray ion source (ESI) is
used to produce the molecular ionic targets of the inter-
est. Through the system of ion optic lenses, comprised of
octopole and quadrupole mass filters, ions are guided into
the linear quadrupole ion trap from the front side. Pre-
cursor ions of the desired charge state are selected and
stored in the trap. In order to increase the efficiency of
the trapping, ion trap is filled with Helium buffer gas at
the pressure of 10−3 mbar. Stored ions are then activated
in collisions with the focused beam of electrons during a
defined irradiation time. To be able to activate ions only
for a desired period, the electron beam has to be switched
on and off. Therefore, a pulsed mode of operation of the
electron gun was required, instead of the standard con-
tinuous mode of operation where a steady stream of elec-
trons is produced. To stop the electron emission from the
hot cathode inside the electron gun, an electronic circuit
called shutter circuit was designed (more details can be
found in Sect. 2.5). This circuit was synchronized with
the mass spectrometer by the use of transistor-transistor
logic (TTL) signals, generated by the mass spectrometer.
The length of the TTL signal is defined by the irradia-
tion (activation) time, specified by the user in the mass
spectrometer software.

Once the irradiation of ions has finished by stopping
the electron beam, all ion products are ejected from both
sides of the ion trap and detected in electron multiplier
detectors. Between the actual ion detection and the end
of the irradiation, a time window called acquisition delay
is introduced. It enables fragmentation processes of con-
taminants that take place during the irradiation to reduce
quickly. This in turn has the result of fairly reducing the
noise and improving the signal to noise ratio of the in-
strument. The length of the acquisition delay is usually a
fraction of the irradiation time and depends on a selected
target. Practical realization of the acquisition delay was
achieved by the inserting a delay generator in the path
of a TTL signal line, before the shutter circuit. For each
ion fragment detection, a tandem mass spectrum (MS2)
is recorded for a given selected precursor ion, at a defined
electron energy. The entire process is then repeated for dif-
ferent electron energies until an energy scan is completed.
The best mass resolution in the present experiment was
about 5000, although it depends on the applied working
mode of the LTQ XL spectrometer, to reach a satisfactory
signal/noise ratio for the particular precursor.

2.3 Coupling the electron source with the LTQ XL
mass spectrometer

In order to perform electron activation of the trapped ions,
a custom made electron gun is coupled to the commercial
linear ion trap mass spectrometer LTQ. Figure 4 presents

Fig. 4. 3D model of the experimental setup. The electron gun
(on the left-hand side) is connected to the ion trap (on the
right-hand side) by an edge welded bellows. The aluminum
shielding is located in the middle.

a 3D model of the coupling of the electron gun with the
LTQ XL.

The electron gun is fitted in a dedicated CF100 six-way
cross vacuum chamber, rested on a rigid position tunable
support and connected to the back plate of the LTQ XL
through flexible bellows. The assembly with the electron
gun was mounted on an L-shaped support attached to
a custom made CF100 flange, with two CF16 electrical
feed-through flanges on its back for electrical contacts (see
Fig. 5b).

The remaining vacuum connections of the six-way
CF100 cross were used to fit a turbo pump, a high vac-
uum cold-cathode gauge, and a glass window. The pres-
sure gauge is connected via extended flexible bellows at
about 1 m from the electron gun, to reduce the magnetic
disturbance of the electron beam. The coupling of the six-
way cross vacuum chamber with a Plexiglas window on
the back side of the mass LTQ XL spectrometer was made
through by using a reducer CF100-40 flange and a CF40
edge welded bellows. This flexible connection allows for
precise alignment of the electron beam with respect to
the ion trap axis.

2.4 Electron optics

The electron gun used in the present experiment has been
designed at the Institute of Physics Belgrade [48]. It con-
sists of six cylindrical electrodes and a thoriated-tungsten
cathode. A 3D model of the electron gun is presented in
Figure 6. It also comprises two pairs of cylindrical deflec-
tors inside the S electrode (X-Y in Fig. 6), for fine adjust-
ment of X and Y electron beam positions at the target
plane. Electrons are produced through a thermo-electron
emission process from a resistively heated hairpin cath-
ode. The cathode potential is set to a negative voltage
relative to the ground potential of the interaction region.
This voltage, therefore, defines the incident electron en-
ergy. The energy resolution is defined by the tempera-
ture of the cathode, which yields an energy uncertainty of
about 0.5 eV for the initial electron beam.

In the present experiment, cathode is heated by 2.3 A,
from a high power external DC source. At maximally rated
heating currents close to 3.5 A, it can produce electron
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Fig. 5. Electron gun vacuum stage: (a) 3D model of the vac-
uum stage assembly, (b) CF100 flange in the assembly with
electron gun and L-shaped support frame and (c) completed
vacuum stage with fitted turbo pump, electron gun and a glass
window.

emission of a few tens of µA, but at the expense of a
shorter lifespan. Optimally adjusted electrode voltages for
selected cathode current of 2.3 A and an electron energy
of 150 eV, yield an electron beam of around 10 µA. This
is the current measured in a Faraday cup, at a distance
of 72 mm from the last grounded electrode M (Fig. 6). Ac-
cording to the best fit of simulated electron beam profiles
to experimental electron current distributions measured
with a movable Faraday cup, the electron beam spot size
at this distance was estimated to be 1 mm, with the pen-
cil (divergence) angle of 0.3◦. A schematic of the electron
gun with a shutter circuit and a TTL input is presented
in Figure 7.

Fig. 6. 3D model of the electron gun: W – Wehnelt, A – anode,
C – image inverting electrode, S – deflector housing electrode,
X – horizontal deflectors, Y – vertical deflectors, V – focusing
electrode, M – exit electrode (grounded). A pulsed voltage is
applied to W electrode to stop the thermo-electron emission
from the hairpin cathode on the left.

Fig. 7. Electric schematic of the electron gun used in the ex-
periment to activate trapped ions. Shutter circuit pulses the
voltages on the extractor electrode W, triggered by the TTL
signal from a mass spectrometer.

A pulsed mode of the electron gun was established by
applying a variable DC pulsed voltage on the Wehnelt
(W) electrode (see Figs. 6 and 7). In the present experi-
ment, an operating voltage of W = −14 V was needed for
optimal electron beam focusing. The electron beam shut
off was provided by polarizing the W electrode with –50 V
relative to the cathode, thus completely stopping the elec-
tron emission. A special shutter circuit has been designed
to switch between two W voltages (–14 V – “beam on”
and –50 V – “beam off”), triggered by a TTL output from
the LTQ XL mass spectrometer. Focusing of the electron
beam at a given distance, for selected energy is done by
tuning only one electrode – V (see Figs. 6 and 7).

2.5 The experimental procedure

LTQ XL mass spectrometer, equipped with an ESI source,
is the main instrument that drives the experiment. By
original design, it produces ions from a solution, stores
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Fig. 8. Simplified schematic representation of the experimen-
tal setup. The potential of the W electrode of the electron gun
is controlled by through a TTL signal from the LTQ XL mass
spectrometer. All other electrodes of the gun are connected
to fixed voltage supplies (not presented in this figure). Green
color indicates the “electron beam on” state – the activation
of the trapped ions while red color represents the “beam off”
state – during which ionic fragments are detected.

them in an ion trap, activate ions through collision-
induced dissociation (CID) with Helium buffer gas and
finally detect ion fragments and record mass spectra. How-
ever, in the present experiment, the feature of activating
ions with CID is bypassed by setting up the excitation
energy to 0 eV, so that ions can be activated by the exter-
nal electron beam instead. For this purpose, TTL signal
line is traced inside the mass spectrometer and connected
to the shutter circuit input. Schematic of the entire setup
with TTL synchronization of the pulsed electron gun is
depicted in Figure 8.

Ions were generated by ESI from a solution. By tuning
ESI parameters and solution properties, a wide range of
precursor charge states can be obtained. After optimal
density of desired precursor ions in the trap is reached,
a TTL signal that triggers ion activation goes into the
high state (5 V) until predefined activation time runs out.
During this time, a focused beam of electrons of a defined
energy is introduced from the back side into the trap (left
side in Fig. 8).

Shutter circuit presented in the lower part of Figure 8,
comprises of three stages: voltage supply, a voltage divider,
and a switcher stage. Relative to the ground potential,
voltage supply generates –50 V DC, which is separated
by the voltage divider stage on two voltages. One of them
is fixed –50 V and the other is tunable –14 V. Switcher
stage operates as a simple switch by utilizing two field
effect transistors (FETs). Their connection is such that
only one FET can be active at all times, and each of them
is connected to one voltage. State of the TTL signal defines
which FET will be active. In the present experiment, high
state or 5 V in the TTL signal enables the FET with
–14 V to be active. This voltage is then applied to the
W electrode of the electron gun. Thus electrons can be
emitted from a constantly heated cathode and form an
electron beam. TTL low state of 0 V, has a consequence

Fig. 9. Electrical scheme of the setup for the electron gun test-
ing: (1) electron gun, (2) LTQ front plate – grounded, (3) LTQ
back plate – connected to the pico-ampere meter, (4) ion trap,
(5) ion detectors and (6) aluminum foil.

of entirely blocking the cathode electron emission since
the –50 V is applied to the W electrode.

Activation time is defined by the length of the high
state of TTL signal, whereas start of ion detection is de-
fined as when TTL signal goes into the low state. To in-
troduce the acquisition delay or the delay between the
ion activation and fragment detection, TTL signal is first
sent to the digital delay generator (DG645, Stanford 150
Research Systems, Sunnyvale, CA, USA). It generates an-
other TTL signal on the rising edge of the first one, with a
length shorter by the amount of acquisition delay with re-
spect to the first signal. In this way, the electron emission
is stopped before the actual detection takes place.

2.6 Test measurements

The initial testing of the performance of the electron gun
and the characterization of the electron beam profile were
performed in the continuous mode. For this purpose, a
disc plate electrode of the ion trap from the ESI side has
been temporarily disconnected and wired as depicted in
Figure 9, to measure the electron current passing through
the ion trap. The electron current is measured on a thin
foil (6) attached to the back electrode (3) (Fig. 9), which
was polarized to +24 V and connected to a pico-ampere
meter. Figure 10a shows an energy dependence of the mea-
sured current, provided that for each electron energy the
electron beam was refocused by adjusting an optimal volt-
age on the V electrode (see Fig. 6). By using this proce-
dure, the incident electron current in the interaction re-
gion inside the ion trap could be kept practically constant
in the electron energy range of interest for the present
experiment (280–300) eV, indicated by dashed lines (see
Fig. 9a). Therefore, an additional normalization of ion
fragment yield intensities relative to this current was not
essential. Figure 9b presents measurements of the elec-
tron beam profile, performed by X-axis translation of the
entire LTQ mass spectrometer, which was mounted on a
dedicated custom-made supporting frame with 6 degrees
of freedom [29].

Based on the geometry properties of the setup and
the measured beam profile, we can roughly estimate the
electron beam width to 3 mm at the front LTQ plate
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Fig. 10. Electron current measured at the back plate of the
ion trap: (a) plot of the back plate current versus the electron
energy and (b) electron beam profile recorded by moving the
electron gun sideways relative to the LTQ.

(see Fig. 8). It should be noted that an influence of the
stray magnetic fields to the electron beam could not be
completely avoided, as concluded from the known opti-
mal adjustment of the setup in photon experiments. This
influence will be prevented in future measurements by us-
ing a Mu-metal shield. In the present experiment, an alu-
minum tubing located between the electron gun and the
front plate of the ion trap (see Fig. 4) provides only an
electrostatic shielding of the electron beam.

During the activation period, electrons transfer part of
their energy through collisions with ions, leading to frag-
mentation and ionization. The important question is for
how long should this interaction be allowed to happen be-
fore reaching a saturation of the signal intensity, or even
damaging detectors? To establish an optimal electron ac-
tivation time of the trapped ions, different electron beam
pulse widths were probed. For this purpose, ubiquitin ions
of the charge state 7+ were isolated in the ion trap and ac-
tivated with a short burst of 288 eV electrons. Several MS2

were acquired during 3 min, for each electron pulse width.
Averaged mass spectra were obtained for pulse widths of 2,
5, 10, 20, 50, 100, 200, 500 and 1000 ms. MS2 acquisi-
tion delay for each pulse width was set to one-half of the
given pulse width. The intensity of the peaks originating

Fig. 11. Ion signal plot versus pulse widths, measured for
Ubiquitin 7+ precursor: (a) peak at m/z 1071 corresponding
to the single ionization of the parent ion and (b) fragments
originating from electron background noise.

from several fragment ion products was extracted from
these MS2, normalized to precursor intensity and plotted
against pulse widths in Figure 11.

From Figure 11, we can see that both the precur-
sor ionization (Fig. 11a) and the background fragments
(Fig. 11b) intensities increase with the increasing the elec-
tron pulse width. The final point corresponding to 1000 ms
was omitted from Figure 11, since the created noise ex-
ceeded by far the ion signal. Based on this test, we took
the 500 ms as the optimal electron activation time for the
Ubiquitin 7+ protein precursor. Interestingly, this activa-
tion time turned out to be the same as the one we used
previously for soft X-ray activation of the same target [49].

3 Results – inner-shell electron impact
activation MS2

The present instrument was tested by measuring electron
impact activation MS2 for several different molecular pre-
cursors produced by ESI. For each precursor, several MS2

were recorded as a function of electron energies. Each
scan was performed three times: (1) electrons + precursor
ions, (2) no electrons + precursor ions and (3) electrons
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Fig. 12. Tandem mass spectrum recorded with no isolated ions, for electron impact energy of 288 eV, 500 ms pulse width.

Fig. 13. Tandem mass spectrum recorded for 288 eV electron impact with protein Ubiquitin, 7+ charge state precursor.

+ no precursor ions, for background noise analysis. Dur-
ing measurements, an ultimate pressure inside the vac-
uum chamber (CF100 cross) with the electron gun, was
4.0 × 10−6 mbar.

An example of MS2 recorded for 288 eV electrons while
no precursor ions were isolated in the trap is presented in
Figure 12. The low mass range is dominated by ionic frag-
ments produced by electron ionization of residual neutral
background present in the trap. The ion fragments that
are not originating from selected ions are considered as
background noise. In Figure 12, they occupy m/z range
from 350 up to the 553.

Origin of the background is probably due to ionization
of residual impurities in the trap and on the ion trap sur-
faces, or maybe from a false signal in the detectors. Ion
detectors in the LTQ mass spectrometer have conversion
dynodes which eject electrons after ion impact. The latter
are then multiplied by electron multipliers. Therefore, it
is possible that some of the electrons from the incident
beam are also extracted towards detectors and directly
detected. However, this effect is significantly reduced by
an acquisition delay (see Experimental part), which was
about (100–200) ms from falling edge of the electron pulse
to the start of MS2 recording.

It should also be noted that the presence of the He
buffer gas could produce additional background due to
the scattering of the incident beam, which may release
secondary electrons in a broad energy distribution. How-
ever, as already discussed previously for X-ray action spec-
troscopy of proteins [33], this effect should not significantly
influence the results.

Ubiquitin protein, precursor [M+7H]+ at m/z 1225,
was subjected to the electron energy of 288 eV, for 500 ms
pulse width and 200 ms acquisition delay. The averaged

mass spectrum recorded during 3 min acquisition, is pre-
sented in Figure 13. The background signal (presented in
Fig. 12) has been subtracted from the spectrum. It should
be noted that the subtracted background was of similar
intensity as the ionization peaks. For example, the domi-
nant background peak m/z 479 was 0.3% of the precursor.

The energy of 288 eV corresponds to the maximum in
measured C 1s near-edge electron excitation function of
the Ubiquitin protein [45]. After background noise sub-
traction and normalization to the precursor intensity, a
low mass range is almost completely clear. Peaks desig-
nated at m/z 1071 and 952, are indeed originating from
parent ions and correspond to single and double K-shell
ionization of the precursor ion, respectively. Interestingly,
the electron activation MS2 has a remarkable similarity to
soft X-ray activation MS2 (see [49] for more details).

Substance P (SubP) singly charged precursor ions
[M+H]+ at m/z 1347, were isolated in the trap and sub-
jected to 293 eV pulsed electron beam activation. The
pulse width had to be raised to 900 ms in order to obtain
measurable ion signal. The acquisition delay for each mass
spectrum was set to 100 ms. The averaged mass spectrum
is presented in Figure 14. A peak at m/z 673 corresponds
to radical dication [M+H]•2+, produced by ionization of
the parent ions after a resonant Auger decay [49]. Fur-
thermore, we have observed a neutral loss of CH2CHSCH3

(m/z 636) from the radical cation, corresponding to me-
thionine residue. These losses were also observed in the
recent comprehensive fragmentation study of Substance
P involving VUV photons, reported by Canon et al. [37].

Melittin is a peptide consisting of 26 amino acids,
larger than the 11 amino acid Substance P. Precursor ions
of double charge state [M+2H]2+, were produced by ESI
and isolated in the trap. The trapped ions were subjected

http://www.epj.org
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Fig. 14. Tandem mass spectrum recorded for 293 eV electron impact with peptide Substance P, singly charged precursor.

Fig. 15. Tandem mass spectrum recorded for 293 eV electron impact with peptide Melittin, doubly charged precursor.

to electron pulses of 900 ms, at 293 eV incident energy,
Mass spectra were recorded after 100 ms delay of each elec-
tron pulse, yielding an averaged mass spectrum presented
in Figure 15. Mass spectrum was normalized to precursor
ion intensity, after electron noise subtraction. There was
still some noise left in the lower mass region bellow m/z
873, but free of any distinctive fragments. Designated at
m/z 949, we observe the radical cation [M+2H]•3+, orig-
inating from the ionization of the doubly charged parent
ion. Also, a relatively strong peak can be seen at m/z 934
due to a neutral loss of about 45 amu.

4 Conclusions

In this article, we report the design and the performances
of a novel instrument for electron impact tandem mass
spectrometry and action spectroscopy of mass/charge
selected ions stored in RF ion trap. The experimen-
tal setup is based on coupling a custom-made electron
gun to a commercial quadrupole linear ion trap LTQ
XL (Thermo Phinningan) and allowed for unprecedented
electron-impact inner-shell action spectroscopy of large
biomolecules.

We present a comprehensive study, from electron trac-
ing simulations of electron beam properties upon trans-
mission through the ion trap, to the design and realization
of custom-made vacuum stage and the electronic compo-
nents. Our simulations reveal that a pulse width of the
electron beam has to be extremely narrow, down to 10 ns
and synchronized with the RF field, for 300 eV electrons
to pass through the ion trap unaffected by RF electric
field. Still, even for an electron, continuous beam, simu-
lated by a pulse width equal to the RF period of 1 µs,

a reasonable transmission higher than 60% was obtained
both in vacuum and when the trap is filled with He buffer
gas. Moreover, the electron beam energy distribution was
not perturbed significantly according to our simulations.

A custom-made electronic shutter circuit was used
for applying a pulsed voltage to the extractor electrode
(Wehnelt) of the electron gun. This circuit is synchronized
with LTQ XL spectrometer through a TTL signal, which
controls the irradiation time of trapped ions. Three large
biomolecular targets – Ubiquitin [M+H]7+, Substance P
[M+H]+ and Melittin [M+H]2+, were subjected to colli-
sions with electrons at incident energies in the range from
(280–300) eV, which corresponds to near C K-shell ion-
ization threshold region. For all three molecular precur-
sors, the most intensive interaction channel corresponds
to a single ionization leading to the production of a singly
ionized radical cations. This process is also accompanied
by intensive neutral losses. Double precursor ionization,
accompanied by neutral losses could also be detected. A
careful background noise subtraction was performed to
distinguish the fragments originating from the precursor
molecules.

The experimental setup presented in this article is still
a work in progress and can be further improved. Further
advances could be focused on the magnetic shielding of the
electron gun, the lowering the pulse width of the electron
packet, along with the synchronization of the pulse timing
with the trap RF field. This would allow for both minimiz-
ing the overall background noise created in the ion trap
and the using even lower incident electron energies. How-
ever, the present work shows that all samples that can be
placed in the gas phase using the electrospray ionization
can now be probed by electron spectroscopy.
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31. A.R. Milosavljević, C. Nicolas, J. Lemaire, C. Dehon, R.
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Photon and electron action spectroscopy of trapped biomolecular ions – 

From isolated to nanosolvated species 

 

In an effort to understand the vast complexity of the underlying processes within a cell at 

a molecular level, the first step lies in revealing the fundamental physical and chemical 

properties, as well as the structure, of biopolymers (proteins and DNA). With the 

development of modern experimental techniques it has become possible to study these 

large molecules under well-defined conditions in the gas phase, by closely inspecting 

their interactions with energetic photons and electrons. 

In this Thesis, we present the experimental setups for the action spectroscopy of peptides, 

proteins and nucleotides, as well as the hydrated complexes (hydrated nucleotides), in the 

gas phase. We present the details and the operation of the two experimental setups based 

on coupling the linear quadrupole ion trap with: (1) a VUV or a soft X-ray synchrotron 

beamline and (2) a focusing electron gun. 

In the case (1), the existing experimental setup consisting of a commercial quadrupole 

ion trap mass spectrometer (LTQ XL from Thermo Scientific), equipped with an 

electrospray ion source, was coupled to the VUV beamline DESIRS and the soft X-ray 

beamline PLEIADES at the synchrotron SOLEIL (France). The setups were used to study 

the photo-induced ionization/fragmentation of trapped biopolymers and nanosolvated 

species. The results obtained with this setups include VUV action spectroscopy of 

protonated Leucine-Enkephalin peptide (both a monomer and a dimer) and a 

nanosolvated nucleotide Adenosine monophosphate (AMP), in (5-15) eV photon energy 

range. The inner-shell action spectroscopy in the soft X-ray energy range (around C and 

N K-edge), was performed for multiply charged precursor of Ubiquitin protein. The 

photo-dissociation and photo-fragmentation ion yields for several fragment ions from all 

above mentioned macromolecules were extracted and the obtained spectral features were 

discussed considering relevant photon-induced processes.   

In the case (2),  new experimental setup was developed by coupling the same LTQ XL 

ion trap with a focusing electron gun, in order to perform an electron activation tandem 

mass spectrometry, as well as an electron-impact action spectroscopy of trapped 

biopolymer ions. The ion optic simulations using SIMION program were performed in 

order to investigate the propagation of the electron beam in the RF+DC ion trap. Tests 

measurements for electron-induced fragmentation of Substance P, Melittin and Ubiquitin 

are presented for the impact energy of 300 eV. Finally, we present the electron-impact 

inner-shell action spectroscopy of the multiply charged Ubiquitin protein, in the vicinity 

of C K-edge energies of (280-300) eV. The electron-impact results are compared with the 

soft X-ray photon-impact action spectroscopy results obtained for the same target. 
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Fotonska i elektronska akciona spektroskopija trapiranih biomolekularnih 

jona - od izolovanih do nanosolvatisanih čestica 

 

U nastojanju da se razume ogromna složenost procesa u okviru ćelije na molekulskom 

nivou, prvi korak je otkrivanje fundamentalnih fizičko-hemijskih osobina, kao i strukture 

biopolimera (proteina i DNK). Razvojem savremenih eksperimentalnih tehnika 

omogućeno je proučavanje velikih biološki relevantnih molekula pod jasno definisanim 

uslovima u gasnoj fazi, izučavanjem njihovih interakcija sa fotonima i elektronima 

velikih energija. 

U ovom radu su predstavljene eksperimentalne postavke za akcionu spektroskopiju 

peptida, proteina, nukleotida, kao i nanosolvatisanih kompleksa (hidratisani nukleotidi) u 

gasnoj fazi. Prikazani su detalji i princip rada dve eksperimentalne postavke zasnovane 

na povezivanju linearne kvadrupolne jonske zamke sa: (1) sinhrotronskim fotonskim 

mlazom (VUV i meki X-zraci) i (2) fokusirajućim elektronskim topom.  

U slucaju (1), postojeća eksperimentalna aparatura koja sadrži linearnu kvadrupolnu 

jonsku zamku u okviru komercijalnog masenog spektrometra (LTQ XL od firme Thermo 

Scientific) povezana je sa VUV mlaznom linijom DESIRS i mlaznom linijom za meke 

X-zrake PLEIADES na sinhrotronu SOLEIL (Francuska). Aparatura je upotrebljena za 

izučavanje foto-indukovanih procesa jonizacije i fragmentacije zarobljenih jona 

biopolimera i nanosolvatisanih čestica. Rezultati dobijeni na ovoj aparaturi uključuju 

VUV akcionu spektroskopiju protonisanog leucin-enkefalin peptida (monomer i dimer), 

kao i nanosolvatisanog nukleotida adenosin monofosfata (AMP), u opsegu energija 

fotona od (5-15) eV. Akciona spektroskopija unutrašnje ljuske koristeći meke X-zrake (u 

oblasti C i N K-ljuske), urađena je za višestruko naelektrisani prekursor proteina 

ubikuitin. Za sve gore pomenute makromolekule, izučavani su absorpcioni spektri za 

neke od dobijenih jonskih produkata, pri čemu su analizirane uočene spektralne 

karakteristike dobijene u pomenutim fotonski indukovanim procesima. 

U slucaju (2) razvijen je novi eksperimentalni sistem zasnovan na povezivanju iste LTQ 

XL jonske zamke sa elektronskim topim sa mlazom elektrona srednjih energija, koja 

omogućava tandem masenu spektrometriju i elektronski indukovanu akcionu 

spektroskopiju  zarobljenih jona biopolimera. Korišćenjem programa SIMION, urađene 

su simulacije sa ciljem ispitivanja transmisije elektrona kroz jonsku zamku sa RF+DC 

potencijalima. Inicijalni testovi aparature uradjeni su fragmentacijom peptida supstance 

P i melitin, kao i ubikuitin proteina pri energijama elektrona u oblasti oko 300 eV. Na 

kraju, prikazani su rezultati elektronski-indukovane akcione spektroskopije višestruko 

naelektrisaniog jona ubikuitin proteina, u oblasti energija oko C K-ljuske (280-300) eV. 

Ovi rezultati su upoređeni sa rezultatima dobijenim za istu metu pri fotonski-

indukovanim (X-zraci) procesima iz iste oblasti energija. 
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1 Introduction 
 

The possibility to experimentally investigate the interactions of photons and electrons 

with large biopolymers such as peptides, proteins, nucleotides or complex weakly bound 

biological systems (for example hydrated biopolymers), in the gas phase under well-

defined conditions, is of a great scientific importance. Such investigations provide more 

insights into fundamental physical and chemical properties, which lead to a better 

understanding of both their biological functions in the living organisms and the radiation 

damage on the molecular level. 

A vast number of experimental studies performed on biopolymers are focused on 

revealing their electronic structures, ionization energies, bond energies, primary 

structures (amino acid sequences) and secondary structures (three-dimensional 

arrangements). It is also important to explore correlations between the electronic structure 

of large biopolymers, which is defined by their atomistic representation (governed by the 

laws of quantum mechanics) and the spatial arrangement of these macromolecules (which 

defines their active biological function). Understanding these relations could help 

developing a method for modeling the functions of biopolymers - a subject of much 

interest in the wide field of science. 

Moreover, the study of the interaction of photons and electrons with isolated biological 

macromolecules helps to understand the radiation damage processes, which is important 

for the development of new and more efficient methods in medicine, for example in the 

therapy of cancers [1]. The interaction of UV radiation with DNA molecule was for many 

years a subject of an intensive theoretical and experimental research. It is known that 

DNA molecule very efficiently absorbs electromagnetic radiation in the ultraviolet (UV) 

region, but on the other hand, it is rather stable against the UV-induced destruction. 

Out of all secondary products generated by the primary radiation, electrons are the most 

abundant. They can effectively interact with the constituents of DNA and induce braking 

of single and double chains of DNA (single and double strand brakes). Therefore, a huge 

number of studies of the interactions of electrons and isolated molecules, which are parts 

of the large macromolecules [2, 3] have been performed. However, the majority of the 

experimental research, both for the photons and electrons, has been conducted either with 

solvents or with relatively small molecules, which are isolated parts of the biopolymers.  

 

1.1 Ion spectroscopy 

 

In order to study the interaction of electrons and photons with large isolated biopolymers, 

it is necessary to somehow transfer these molecules in the gas phase. At the end of the 

last century, modern ionization techniques were developed, which enabled the isolation 

and the study of large molecular ions, in the gas phase. For example, electrospray 

ionization (ESI) [4] is a method which allows for very large (kDa) and fragile 
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biomolecules to be introduced from a solution, without degradation, into the gas phase. 

Furthermore, these ions can be isolated in a variety of high charge states (which is 

determined by the number of added or removed protons). The development of modern 

ionization techniques enabled the use of the mass spectrometry (MS) method for 

investigating the structure of macromolecules. Particularly, the ability of MS to 

selectively manipulate with ions according to their mass to charge ratio - m/z [5], coupled 

with spectroscopic techniques, lead to a new field called ion spectroscopy. 

However, photon or electron spectroscopy of large macromolecular ions in the gas phase 

remains experimentally very challenging. First of all, due to the space charge, it is 

impossible to obtain a high concentration of target particles in the interaction volume. On 

the other hand, the classical sources of high-energy photons cannot provide sufficient 

beam intensities that would allow obtaining measurable and statistically reliable results 

in classical crossed beam experiments. Therefore, vacuum UV (VUV) and X-ray 

spectroscopy of macromolecular ions in the gas phase, were practically inaccessible until 

recently. Nevertheless, the experimental techniques based on isolation (trapping) of size-

selected clusters [6] and Xenon ions [7], have demonstrated the possibilities to apply this 

method on biological macromolecules. 

The first coupling of a linear ion trap integrated within the commercial mass spectrometer 

(Thermo Scientific LTQ XL) to the VUV beamline DESIRS [8] at the synchrotron 

SOLEIL facility in France, has been done by A. Milosavljević et al [9–12]. A similar 

project with coupling an ion trap to the VUV beamline at the synchrotron BESSY II in 

Germany was carried out by S. Bari et al [13] and O. Gonzalez et al [14]. These 

experimental setups offer a unique opportunity to study photo-induced dynamics and 

electronic properties of macromolecules (for example proteins), using action 

spectroscopy of trapped ions in a high vacuum. Moreover, these experiments 

demonstrated that high-energy photons can be used as a new activation method intended 

for protein sequencing, which allows fast and intensive fragmentation, as well as the 

mapping of weakly bound complexes [15].  

The protein damage also needs to be taken into account in order to perform realistic 

modeling of the radiation damage. So far, the majority of the reported experimental results 

were focused on VUV photon interaction with their building blocks - amino acids (for 

example [16, 17]). However, proteins do not necessarily have to inherit the VUV/X-ray 

susceptibility of their constituent amino acids. Recently, A. Milosavljević et al [18] 

demonstrated that an isolated protein was very resistant to soft X-ray fragmentation in 

comparison with isolated amino acids. Therefore, the studies of energetic photon 

interactions with the isolated polymers of amino acids (peptides) are also very important. 

The structure and function of biomolecules are closely linked with their aqueous 

environment. For this reason, there has been a long standing effort to understand the 

influence of solvent molecules in the immediate surroundings on the three-dimensional 

structure of biopolymers (such as proteins and DNA) [19]. It is believed that the weak 

molecular interactions play an important role in the folding of the protein and formation 

of macromolecular complexes. The solvation may play a key role in this process. Hence, 
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studies of nanosolvated systems under well-defined conditions could help bridging the 

gap between the results obtained for biomolecules isolated in the gas phase and their 

applications in real biological systems.  

Finally, the experimental research of interaction of electrons with trapped molecular ions 

represents an additional level of challenge. Unlike photons, electrons are charged particles 

and therefore are susceptible to electric fields that are used to capture ions, as well as by 

the space charge effects induced by the tightly packed ions. On the other hand, the 

electron beam itself can disturb the electric fields inside the ion trap, which are necessary 

for an efficient ion trapping. The first experiments of this type that are focused on the 

interaction of electrons with large isolated biopolymers were made with very low-energy 

electrons in the experiments involving Furrier transform ion cyclotron resonance (FT-

ICR) ion traps. The first experiments of this type were carried out in the group of Zubarev 

[20, 21]. However, the work of this and other groups was primarily focused on the 

development of a new activation method for the protein sequencing, but not for the 

electron spectroscopy of large biopolymers over a wide range of energies. 
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2 Biomolecules 
 

2.1 Amino acids 

 

Amino acids are organic molecules, which contain an amino group (-NH2) and a 

carboxylic acid group (-COOH), as depicted in Figure 2.1. Taking all combinations into 

account there is an infinite number of amino acids which could be formed, but only 

around 22 can be found in nature [22, 23]. Each standard amino acid is characterized by 

a different functional side chain, which is attached to the alpha Carbon Cα  (see Figure 

2.1). The standard amino acids are joined with one and three letter code [24]. 

 

 

Figure 2.1 - Representation of Alanine amino acid. Alpha Carbon - Cα is the so-called 

backbone Carbon atom which binds all three functional groups. 

 

2.2 Peptides  

 

Peptides are organic molecules consisted of two or more amino acids linked together 

through the so-called peptide bonds. This bond is formed when the amino group of one 

amino acid reacts with the carboxyl group of another amino acid resulting in a covalent 

bond between the Nitrogen (N) and the Carbon (C). During this process, a water molecule 

is released, as depicted in Figure 2.2. The peptide C-N bond has partially double bond 

properties because it is influenced by two strong resonance electron structures. One such 

structure is a double bond between C and Oxygen (O) atoms and the other one is a double 

bond between C and N atoms. Atoms O, C, N and Hydrogen (H) involved in this bond 

belong to a peptide group. The coulomb interaction between atoms from a peptide group 

creates such electron density distribution that the involved atoms are approximately 

arranged in a plane. Because of this, the peptide bond is prone to rotation along the axis 
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defined by the peptide bond. This gives peptides the possibility to change their three-

dimensional structure by folding.  

Peptides are named by the sequence of appearance of their amino acids starting from the 

N-terminal part of the peptide. This amino acid sequence is also termed the primary 

structure of the peptide. The spatial arrangement is termed the secondary structure.  

 

 

Figure 2.2 - Schematic representation of a formation of a dipeptide composed of amino 

acids Glycine and Alanine. In this process, a water molecule is released. 

 

The side of the peptide bearing the NH2 group  is termed the N-terminal part. Likewise, 

the other side of the peptide bearing the acidic function is termed the C-terminal part. A 

standard nomenclature of the fragments is proposed in [24]. The fragments containing the 

N-terminal are termed an-, bn-, and cn- fragments, while the ones containing the C-terminal 

are termed xn, yn, and zn- fragments (Figure 2.3). The number n in the subscript indicate 

the number of amino acid residues. 

 

 

Figure 2.3 - Nomenclature for peptide fragmentation. Image adopted from [25]. 
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Peptides can be linked together to form a large polymer chain called proteins, which can 

consist up to thousands of amino acid residues [23]. Finding a protein sequence is called 

protein sequencing. It is found that the three-dimensional structure of a protein is closely 

related to its biological activity in a living cell [26]. Therefore, a very important goal of 

mass spectrometry (Section 4.2) is to obtain the primary structure of a protein. 

 

3 Density functional theory (DFT) 
 

Description and evolution of any system in the molecular physics or quantum chemistry 

is given by the time-dependent non-relativistic Schrödinger equation: 

 
iii EĤ     (3.1) 

Hamiltonian Ĥ of the system that consists of M nuclei and N electrons can be written as: 
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Numerators A, B run over all nuclei and i, j run over all electron coordinates. The first 

two terms are the kinetic energy of electrons and nuclei respectively. The remaining three 

terms are the electrostatic interaction between nuclei and electrons, the repulsive electron-

electron interaction and the repulsive nucleus-nucleus interaction, respectively. 

In the Born-Oppenheimer approximation (BOA), due to the large mass difference, the 

electrons can be considered to move in the fields of the much slower nuclei, while the 

kinetic energy of the nuclei is a constant (set to zero). Therefore, in BOA the electronic 

Hamiltonian is given by the following equation: 
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nuclelectot EEE   where 
 


N

1A

M

AB AB

BA
nucl

R

ZZ
E  (3.5) 

The electronic Hamiltonian elecĤ is rewritten as the sum of electron kinetic energy T̂ , 

external (nuclear) potential NeV̂ , and electron-electron interaction eeV̂ . Schrödinger 

equation (3.4) can now be solved for electronic energies elecE  and wave functions elec

depending on static nuclear coordinates. 

The Hartree-Fock (HF) method states that N-body wave function for a fermionic system 

in the ground state 0 , can be approximated with the Slater determinant, composed from 

one body wave functions:  
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First Hohenberg-Kohn theorem [27] demonstrates that the electron density of the ground 

state 0 for any electronic system uniquely determines the Hamiltonian operator, which 

describes all properties of the given system. The energy of the ground state is a functional1 

of this density and is given by the relation: 

 )(E)(E)(T)(E 0ee0Ne000   (3.7) 

   

Second Hohenberg-Kohn theorem states that functional for which the true ground state is 

obtained, is the one which yields the lowest energy: 

 )(E)(E)(T)(E)(E eeNe00   (3.8) 

   

The difficulty arises with this method, because )(T   and )(E ee  cannot be calculated 

exactly. One electron Kohn-Sham equations [28] were introduced to utilize the  HF orbital 

method with the modified Slater determinant. In that case, non-interacting particles can 

be described with: 

 iiiKSf  ,  (3.9) 
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is the one-electron operator, i are one-electron (atomic) orbitals and i is the energy of 

the state defined by the orbital i . Since the orbitals define the state, the electron density 

can be calculated from i
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Therefore, total electron energy functional in Kohn-Scham interpretation can be separated 

to a non-interacting kinetic energy ST , an electron Coulomb repulsion term J , electron-

nucleus interaction NeE and the remaining electron-electron exchange term XCE : 

 ][E][E][J][T][E XCNeSelec   (3.12) 

The correlation exchange term XCE contains corrections for the anti-symmetry which 

were not included in modified Slater determinant (electrons with antiparallel spins), as 

                                                           
1 A functional is a function of a function. The energy functional outputs the energy from an electron 

density function )r(


 .  
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well as corrections coming from the fact that electrons indeed are interacting. Therefore, 

the DFT problem lies in finding the exact form of the exchange functional: 

 )JE()TT(][E eeSXC   (3.13) 

The potential energy can then be calculated by: 
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A large variety of functionals has been developed in order to approximate the correlation 

exchange term XCE . The most simple one which treats electron density as the 

homogenous electrons gas is called the local density approximation (LDA). The more 

advanced one is the generalized gradient approximation (GDA). 

 

4 Experimental methods 
 

4.1 Electrospray ionization 

 

Electrospray ionization (ESI) is a soft ionization technique that allows one to introduce 

large bio-molecular targets, intact into the gas phase. The first production of the gas-phase 

ions from  liquid solutions was demonstrated by M. Dole in 1968 [29]. Later on, with 

further developments of the technique by M. Yamashita and J. B. Fenn in 1980’s [4, 30] 

ESI was widely accepted. In the year of  2002, J. Fenn received the Nobel prize in 

chemistry, for the development of the technique that allowed new insights into the 

structural analysis of the macromolecules. 

The ESI technique is soft in a sense, that a very low amount of energy is deposited in the 

analyte after the ionization process. When working under normal operating conditions,  

the residual energy is not enough to induce fragmentation of the analyte [31]. The process 

of ionization of the analyte by ESI is essentially different in comparison with conventional 

ionization techniques. For example, in the process of the electron (or photon) impact 

ionization of atoms or molecules, an electron is removed, creating a positively charged 

radical ion. In the ESI technique, multiple charging of the analyte is achieved through 

attachment or detachment, of one or more Hydrogen nuclei - protons. Protonated species 

are obtained if a proton is attached to the analyte, forming a positive ion - cation. Removal 

of the proton from the analyte is called deprotonation, yielding a negative ion - anion. ESI 

allows multiple (de)protonation, as opposite to Matrix assisted laser desorption ionization 

(MALDI) [32]). Therefore, using the ESI to produce highly charged states of the analytes 

with large molar weight (> 100 kDa), provides a very important possibility to reduce the 

mass-to-charge ratio of the target molecule. Mass spectrometers with a modest m/z range, 



M. Lj. Ranković 

Institute of physics Belgrade | Experimental methods 9 

  

PhD Thesis 

are then able to manipulate with such species. For example, precursor ion of a 7+ charge 

state of the Ubiquitin protein studied in this Thesis, with a molar weight of 8.5 kDa, has 

a mass-to-charge ratio of 1225. The general principle of the ESI source is presented in 

Figure 4.1. An ESI source is usually coupled to the mass spectrometer within one 

instrument, abbreviated as an ESI-MS device. 

 

 

Figure 4.1 - Schematic representation of an electrospray ion source. Adopted from [33]. 

 

A mechanical syringe pump forces the solution with the analyte through a stainless steel 

capillary (spray needle), with an inner diameter of typically 0.1 mm, at a low flow rate in 

the range of (1-100) µL/min. The capillary tip is polarized to a high voltage of up to ±6 

kV, relative to the surrounding counter electrode, positioned 1 to 3 cm from the tip. In 

order to help the formation of a fine mist and define the direction of the spray, Nitrogen 

sheath gas is pumped around the capillary to assist the formation of a spray. The counter 

electrode can either be an ion sweep cone extended into another heated capillary, or just 

a capillary heated up to the temperatures of 300 °C. Another end of the heated capillary 

is held at a high vacuum, obtained with a turbo molecular pumps of the mass 

spectrometer. A very important aspect of the electrospray ion source is that the solution 

is pumped at an atmospheric pressure into the mass spectrometer, without the need of 

additional differential pumping. This is because the heated capillary inner diameter 

(usually 0.2 mm), is small enough to impose a high flow resistance. The length of the 

capillary which is typically somewhere between 5-10 cm, also contributes to a small flow 

resistance. 

The electrospray ionization process is presented in Figure 4.2. Influenced by the strong 

gradient of the electric field, the charges in the solution are electrophoretically separated 

inside the spray capillary. In the positive ion mode, a positive potential is applied, causing 

the positively charged ions to accumulate at the surface of the solution, near the tip of the 

spraying capillary. Taylor cone [34] is formed at a critical value of the electric field and 

a solution is dispersed into aerosol droplets. Droplets are surrounded by positive charges 
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and contain well-preserved analyte molecules. Reversing the polarity of the voltage 

supply yields a negative ion mode, where negatively charged droplets are obtained. The 

charges on the surface of the droplet are uniformly distributed since it is a configuration 

with a minimal potential energy. Two opposing forces act on the droplet. One is Coulomb 

force, trying to repel the charges and the other one is the surface tension, acting between 

molecules of the liquid. As the droplets travel towards the counter electrode, the solvent 

is evaporating with the assistance of a sheath gas, resulting in a droplet size decrease. A 

Rayleigh limit [35] is reached when the size of the droplet is small enough, that the 

Coulomb repulsion overcomes the surface tension of the droplet. So-called Coulomb 

explosion (fission) occurs, breaking the droplet into smaller ones, which contain fewer 

analyte molecules. At the end, multiply charged molecules are obtained. 

 

 

Figure 4.2 - Schematic representation of the electrospray ionization process. Adopted from 

[33]. 

 

Currently, there are two strongly debated theoretical models, which describe the final 

formation of charged analytes [36]: 1) Ion evaporation model (IEM) and 2) Charge 

residue model (CRM). 

IEM [37] suggests that at a critical radius of the droplet above the Rayleigh limit, at ≥10 

nm, the electric field is strong enough to directly evaporate the droplets and form the 

charged analyte ions. This approach is experimentally well supported for the formation 

of small organic and inorganic ions like salts. 

CRM [29, 38, 39] assumes cascade series of the Coulomb fission events, which leads to 

a formation of a droplet containing a single analyte molecule. Then by evaporating or 

complete desolvation, the charged analyte ion is obtained. For larger analytes like 

proteins, CRM seems more suitable. 

Among many variations of the ESI, a nano-electrospray ion source (nano-ESI), developed 

by Wilm and Mann [40, 41] is widely used. As the name suggests, the main difference 

between the standard ESI and nano-ESI is in the much smaller size of the capillary 

allowing lower flow rate. Nano-ESI typically operates with flow rates in the range of (20-

50) nL/min. This imposes a big advantage over the standard ESI, where the most of the 
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solution volume is wasted. Moreover, the required amount of the solution in the 

experiment using nano-ESI is in the order of a few µL, compared to around 1 mL, 

typically used for standard ESI. The small flow rate is achieved with the use of 

borosilicate glass spray capillary, with the tip inner diameter of (1-4) µm. Glass capillary 

is sputtered on the outside with a gold film, in order to enable electrical conductivity. The 

applied potential is typically in the range of (0.7-1.5) kV. The distance from the tip of the 

capillary to the ion sweep cone can be much shorter, compared with standard ESI. The 

presence of the strong electric field initiates the solution flow, which is further propelled 

by the capillary forces only, as the droplets leave the tip. The Size of the produced droplets 

by nano-ESI are in the order of 200 nm, whereas 1.5 µm droplets are usually produced 

by standard ESI. The most attractive feature of the nano-ESI is the favoring of the highly 

aqueous species. This opens the important possibility to produce a hydrated and charged 

adducts of the analytes, which were studied in this Thesis. 

 

4.1.1 Sample preparation 

 

The biomolecule samples used in this Thesis, are provided from Sigma Aldrich. They are 

received in a powder form and require to be prepared in the form of a liquid solution. The 

obtained solution without further purification was then directly injected into ESI or nano-

ESI.  

Table 4.1 - Concentrations and solvents of the daughter solutions of the analytes studied 

in this Thesis. 

Analyte Concentration [µM] Solvent [vol/vol %] 

Leucin Enkephalin 10 water/ACN - 75/25 

Adenosine monophospate 100 pure water only 

Ubiquitin 10 water/ACN - 70/30 

Substance P 10 water/ACN/acetic acid - 

49.5/49.5/1 

Melittin 100 water/methanol/ - 50/50 

 

In this section, a brief description of the procedure for obtaining such solutions is 

presented. First, the mother solution is prepared, at a higher concentration of the given 

analyte, using an appropriate solvent. The mother solution is then diluted to a desired final 

concentration, obtaining a daughter solution. Solvents used for the daughter solutions 

were mainly deionized water (max. resistance of 18.6 MΩ) and acetonitrile (ACN) or 

methanol. Depending on requirements of a particular study a small percentage of the acid 

could be added to the solvent for the daughter solution. For example, if highly charged 

positive precursor ions are to be obtained, the acetic acid is added (typically 1%). Basic 

properties of the daughter solutions of the analyte molecules studied in this Thesis are 

presented in Table 4.1. 
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4.2 Mass spectrometry (MS) 

 

Mass spectrometry (MS) has become a very powerful tool for the analysis of the charged 

particles (ions) [5]. Once the ions are produced in the gas phase by means of the ionization 

techniques (for example ESI), they need to be separated in some way. The instruments 

which perform the actual ion separation are called mass analyzers. Rather than separating 

the ions according to their masses, mass analyzers are designed to select the ions based 

on their mass-to-charge (m/z) ratios. 

In order to achieve the ion selection according to the m/z ratio, mass analyzers are 

designed to utilize the static or dynamic electric or magnetic fields, either individually or 

a combination of both. Specific differences between various types of mass analyzers are 

expressed through the actual applications of magnetic and electric fields. With this 

respect, different types of mass analyzer used in mass spectrometry are summarized in 

Table 4.2.  

 

Table 4.2 - Types of mass analyzers. Adopted from [5]. 

Analyzer type  Symbol Principle of separation 

Electric sector E or ESA kinetic energy 

Magnetic sector B momentum 

Quadrupole  Q m/z (trajectory stability) 

Ion trap IT m/z (resonance frequency) 

Time-of-flight TOF velocity (time of flight) 

Fourier transform ion 

cyclotron resonance 

FTICR m/z (resonance frequency) 

Fourier transform orbitrap FT-OT m/z (resonance frequency) 

  

Each of the presented types of mass analyzers has its own advantages and disadvantages, 

which makes it suitable for a certain application. In this Thesis, linear quadrupole ion trap 

as a part of a commercial mass spectrometer (Thermo Scientific LTQ XL) was used to 

select and isolate target ions. For this reason, the principle of operation of a quadrupole 

mass analyzer (filter) is presented in the following section. 
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4.2.1 Quadrupole analyzer (Mathieu equations) 

 

The principles of guiding and trapping ions are based on generating electric field which 

imposes a binding force that increases linearly with the particle distance from the axis 

[42]: 

 rcF


  (4.1) 

   

This force generates the parabolic potential  , given by relation: 

 )zyx(~ 222   (4.2) 

   

Appropriate tools which can generate such potentials and restrict the motion of ions are 

electric or magnetic multipole fields. If the number of “poles” is labeled with m, then in 

general case multipole potential is given with the relation: 
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If a number of multipoles m=4 then quadrupole potential is obtained, where the quadratic 

potential is  2cosr~ 2 . For electric quadrupole field, the potential in the Cartesian 

coordinates has the form: 
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In order to satisfy the Laplace equation 0 , the condition 0  has to be valid. 

The imposed condition is valid for two simple cases: 

(i) 1 , 0  (2D field) → )zx(
r2

22

2
0
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
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(ii) 1 , 2  (3D field) → 
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Quadrupole mass filter 

Potential obtained in case (i) can be generated by four parallel hyperbolic electrodes 

extended in Y-axis direction, as depicted in Figure 4.3b. 
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Figure 4.3 - (a) Equipotential lines for a quadrupole field in a plane and (b) Electrode 

configuration of quadrupole mass filter. Adopted from [42]. 

 

Time-dependent potential difference (voltage) applied to electrode pairs of the quadruple 

mass filter, that results in a restricted ion motion in XZ plane, is given by the following 

relation: 

 tcosVU)t(0  , (4.7) 

   

where U is direct current (DC) voltage and V is the amplitude of the RF voltage with a 

circular frequency  . Equations of motion are given by the second Newton law: 
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Equations (4.9) and (4.10) can be simplified by introducing the following parameters:  
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Equations (4.12) are the canonical form of the second-order differential Mathieu 

equations. There are two types of solution for Mathieu equations: (1) stable motion, where 

ions oscillate in the XZ plane and are free to move along the Y-axis direction passing 

through the quadrupole filter; (2) unstable motion, in which their coordinates grow 

exponentially along X- or Z-axis, or both. For any given ion with mass m and charge e, 
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the stability of its trajectory depends only on parameters a and q, defined by the voltages 

U and V applied on the quadrupole electrodes. If the relation between parameters a and q 

is plotted on a graph (see Figure 4.4), the stability diagram is obtained. The stability 

diagram shows the areas, for which the ion motion is stable in Z- and in the X-axis 

direction. In a small region near the origin of the diagram, ion motion is stable in both X- 

and Z-axis directions. A zoom of this region is presented in Figure 4.5. 

 

 

Figure 4.4 - Stability diagram for 2D quadrupole field. Adopted from [42]. 

 

 

Figure 4.5 - The lowest region of simultaneous stability of ion motion in X- and Z-axis 

directions. Operation line is defined with the ratio constqa  , all ion masses are located 

on this line (m3>m2>m1). Adopted from [42]. 

 

If the values 0r , , U and V are fixed,  all ions with the same mass will have the same 

operating line in the stability diagram. Because the ratio a/q=2U/V does not depend on 

ion masses, all ion masses lie on the operating line a/q =const. For the stability line on the 

q axis (a=0, RF only filter), the possible values of parameter q are in the range [0, qmax], 

where qmax=0.92. If we put qmax in the equation (4.11) for q parameter, we can see that all 

ions with masses in the range from mmin to infinity have stabile trajectories. For such 

quadrupole field conditions, the quadrupole works as a high-pass mass filter. By 
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increasing the DC voltage U operating line is rising, which decreases the range Δm. At 

some point, it touches the tip of the stability region, where Δm=0, meaning that in theory 

ions with only one exact mass will have the stable trajectories. In practice, this is never 

the case and the mass bandwidth is defined by voltage fluctuations. If voltages U and V 

are simultaneously changed in a way that their ratio keeps constant, then ions with 

successive masses will have the stabile trajectories and all other ions will be splatted on 

electrodes. This operation gives the possibility to scan the mass spectrum, therefore, the 

quadrupole will work as a mass spectrometer. By adding two more sections (with the 

same electrode profile) axially before and after the quadrupole mass filter, axial ion 

trapping can be achieved and thus the linear quadrupole ion trap is obtained. 

 

4.2.2 Tandem mass spectrometry (MSn) 

 

The principle of tandem mass spectrometry is depicted in Figure 4.6. Once ions are 

produced in the gas phase, a certain small m/z range is defined by setting the operating 

line close the tip of the stability diagram, which results in an isolation of precursors with 

a defined m/z ratio. The selected precursor ions are then activated, which means that their 

internal energy is increased, and eventually it will lead to the fragmentation. If the 

activation process is carried out through inelastic collisions with neutral gas atoms 

(Helium or Nitrogen), the process is called the collision induced dissociation (CID) [43]. 

Product ions are then analyzed according to their m/z ratio which yields a tandem mass 

spectrum (MS2). It should be noted that the process of ion isolation and activation can be 

repeated further up to the n-th level in ion traps, yielding MSn. Other activation methods 

may be also applied, in order to increase the intensity and selectivity of the fragmentation. 

For example, photons from synchrotron radiation [9, 44], or low energy electrons [45]. 

 

 

Figure 4.6 - Schematic representation of tandem mass spectrometry (MS2). 
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The primary goal of mass spectrometry is to provide the information about the structure 

of the target precursor ion by analysis of the fragmentation patterns. MS2 has 

demonstrated a huge potential to investigate the primary structure of large biopolymers 

[46]. 

By repeating photons or electrons activation tandem MS for many activation energies in 

small energy steps, one obtains the experimental technique called action spectroscopy. 

Experimental setups presented in this Thesis are based on this technique and were used 

for investigating the electronic structure of peptides, proteins and nucleotides. 

4.3 LTQ XL - details and operation 

 

In this section, details of operation of a commercial mass spectrometer Thermo Scientific 

LTQ XL (LTQ) are given. LTQ is the main instrument of the experimental setups, 

presented in this Thesis. Figure 4.7 depicts a functional block diagram of the 

spectrometer. LTQ comprises three major hardware systems: 1) ion source, 2) MS 

detector system and 3) data system. 

 

 

Figure 4.7 - Functional block diagram of LTQ XL mass spectrometer. Adapted from [47]. 

 

(1) The atmospheric pressure ionization (API) source is composed of two components. 

The first component is permanently mounted on the front side of the spectrometer chassis. 

It consists of an ion sweep cone, a transfer tube (heated capillary), a tube lens and a 

skimmer (see Figure 4.8). The second component is completely removable and is 

essentially a spraying needle of an ESI source, in enclosed assembly. Depending on 

requirements of the experiment, assembly with the standard ESI or a nano-ESI needle is 

mounted. Analyte solution is automatically injected into a spray needle through flexible 

capillaries (at a user defined flow rate), with the assistance of a mechanical syringe pump 

located on the front side of the mass spectrometer.  
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Figure 4.8 - Schematic representation of an API source of the LTQ XL mass spectrometer. 

Spray needle is a part of an independently detachable assembly - of the standard ESI or a 

nano-ESI source.  

 

A Standard ESI source is used in this Thesis for producing non-hydrated (bare) charged 

precursor ions. In general, when using the standard ESI source in the positive mode, 

precursor ion [M+nH]n+ can be produced, where n indicates the ion charge state. Letter 

M indicates the molar weight of the target molecule, while H denotes the Hydrogen 

nucleus - proton. Typically, a wide range of precursor charge states are produced 

simultaneously, with a certain intensity distribution, which depends on solution and ESI 

parameters. Mass-to-charge ratio (m/z) of such precursor in arbitrary mass units (amu) is 

given by Equation (4.13). 

 

n

nM

z

m 
  (4.13) 

   

Both ESI and Nano ESI are able to produce bare and hydrated precursor ions. In the case 

of nanosolvated molecules, the general formula for the obtained precursor ions is 

[M+kH2O+nH]n+, where k is the number of the attached water molecules. In general, 

Equation (4.14) gives the m/z ratio for the obtained hydrated precursor.  
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Since LTQ is designed to efficiently remove remaining water molecules, non-standard 

ESI parameters had to be used in order to produce hydrated precursors. In the present 

study, we favorably used nano-ESI in order to produce nanosolvated molecules.  Since 

automatic tuning of nano-ESI parameters was not possible, in order to produce hydrated 

precursors we reduced capillary temperature well below optimal values, to around 40 °C. 

The capillary voltage, the sheath gas flow rate and the tube lens voltage also had to be 

manually retuned accordingly. 

(2) The mass spectrum (MS) detector system comprises the ion optics (quadrupole and 

octupole ion filters), the mass analyzer (a linear quadrupole ion trap), the ion detection 
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system (electron multiplier detectors) and an electronic control system, as depicted in 

Figure 4.9. 

 

 

Figure 4.9 - Schematic representation of the LTQ XL mass spectrometer. Adopted from 

[47]. 

 

LTQ allows for sending TTL2 signals at specific sequence events. These trigger signals 

can be initiated at the start or at the end of particular processes, during the operation of 

the device. One such process is the ion activation. In the Xcalibur™ software [47] which 

runs the LTQ, the option to enable triggers on the activation has to be selected. IF it is 

enabled, during the activation time TTL signal state is always high (5 V), whereas during 

all other times TTL signal is kept in the low state (0 V). The activation process in the 

LTQ is initiated each time when enough ions are stored in the ion trap. In the LTQ 

software there are two ways to define the ion storage procedure, which then triggers the 

TTL signal. The first one is by defining the ion storage time limit. This was often used 

when desired precursor ion abundance was very low, in order to avoid excessively long 

data acquisition. This means that we prevent LTQ from waiting for optimal ion density 

in the trap, which lowers the signal to noise ratio. Typically the ion storage time was set 

to 100 ms. In the case when high ion abundance is obtained, the ion trap capacity can be 

quickly reached in around (10-30) ms. Therefore, the second way of defining ion storage 

process is based on measuring the ion density in the ion trap. This process is automatically 

controlled by internal LTQ electronics and as soon as the optimal capacity is reached TTL 

signal is triggered to a high 5 V state, signaling the start of activation time (ion irradiation 

time). The use of mentioned TTL signals is explained in Sections 4.5.2 and 4.5.3. 

The ion detection in LTQ is performed by electron multipliers. Schematic representation 

of the LTQ detection system is presented in Figure 4.10. It comprises a conversion 

dynode, a series of cathodes and the anode.  

                                                           
2 TTL stands for transistor-transistor logic, representing the binary logic states 0 and 1, with the voltages 
0 V and 5 V respectively. TTL signals are used in the digital electronic circuits.  
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Figure 4.10 - Schematic representation of the electron multiplier detector with conversion 

dynodes in the LTQ XL mass spectrometer. Two such detectors are located at each side of 

the ion trap. 

 

Conversion diode is a concave metal surface with a high secondary particle emission 

coefficient and is positioned at an almost right angle in relation to the incident ion 

trajectory. If positive ions are to be detected negative voltage is applied, whereas for 

detection of negative ions a positive voltage is applied to the conversion dynode in 

relation to the anode potential (ground). The cathodes in between the conversion dynode 

and the anode are connected to progressively higher voltages through the resistor network. 

When an ion strikes the conversion dynode one or more secondary electrons are produced. 

Due to the concave shape and a voltage gradient, secondary electrons are focused and 

accelerated on the next cathode. Electron striking the inner surface of the cathode ejects 

more secondary electrons and the process creates the electron avalanche that finally 

strikes the anode where electrons are collected. Current on the anode is proportional to 

the number of the ions striking the conversion dynode. This current is additionally 

amplified in the electronic system of LTQ, converted and stored in a digital form by the 

data system. Since the electron multipliers are positioned slightly off-axis, background 

noise from neutral particles is significantly reduced. The electron multipliers are 

electrostatically shielded which decreases the noise even further. 

Linear quadrupole ion trap in the LTQ comprises three axial sections (the same electrode 

profiles) with three different DC potentials in order to obtain axial ion trapping (see 

Figure 4.11). In order to create an electric potential well for the trapped ions in the axial 

direction, the center section DC2 has a different potential in relation to the sections DC1 

and DC3. For trapping the positive ions, potential on DC2 is lower, while in order to trap 

the negative ions the potential on DC2 has to be higher in relation to potentials applied 

two other sections. The voltage difference is usually not more than 10 V.  

 



M. Lj. Ranković 

Institute of physics Belgrade | Experimental methods 21 

  

PhD Thesis 

 

Figure 4.11 - DC voltages on the LTQ ion trap required for axial ion trapping. 

 

Maximal DC voltages are ±100 V, the maximal RF voltage amplitude is 400 V with the 

frequency of 1 MHz. The ion trap is 68 mm long, with the minimal radial distance 

between the hyperbolic electrodes of 4 mm. 

For the process of ion selection (trapping of desired precursor ions) specific high-

frequency pulse is generated by the LTQ electronics. This pulse ejects all ions except the 

ones corresponding to a small m/z range (isolation width) defined by the user. Typically, 

we used isolation widths of up to Δm/z = 10 (±5 from the precursor ion m/z). 

After the activation (irradiation) of trapped ions, the ion products are successively ejected 

by applying different high-frequency detection pulse which ejects all ions with the same 

m/z. This pulse is quickly ramped so that ions of all m/z are ejected, but in a sorted way 

from the lowest the highest m/z ratios. After calibration, this procedure yields the action 

MS2. 

 

4.4 Synchrotron radiation 

 

Synchrotron radiation (SR) refers to an electromagnetic radiation generated by charged 

particles when accelerated to the relativistic velocities. SR is first observed in the particle 

accelerators, used in high energy physics in middle 1940’s. At the time, SR was 

considered as a byproduct, imposing not yet explained energy loss to the accelerated 

charged particles. Shortly after, it was realized that the missing energy is due to photon 

emission. The theory describing SR in circular accelerators is reported by Ivanenko and 

Pommeranchuck in 1944 [48] and also by Schwinger in 1946 [49, 50] independently. 

Only later in the 1960’s, the possibility to use the SR in spectroscopic studies was 

demonstrated [51–54]. A good overview of the development of the SR is reported by 

Kuntz et al [55]. 

A storage ring is the most commonly used type of the particle accelerator, designed 

specifically for the production of the SR and represent the first generation of synchrotron 

radiation sources. It is constructed of many straight sections arranged in a polygon, with 
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a dipole bending magnets residing in between. In modern synchrotrons, electrons are first 

accelerated in a smaller ring to the relativistic energies of up to a few GeV and then 

injected in the storage ring. In a storage ring electrons follow a straight path until reaching 

the dipole magnets, where their trajectory is bent, experiencing an angular acceleration. 

At these points, photons are emitted in the tangent direction in the form of SR. Due to the 

photon emission, electrons in a storage ring lose energy. This energy is recovered by 

radiofrequency cavities, hence the term synchrotrons. The radiation from a bending 

magnet is characterized by the linear polarization in the plane of the electron orbit. 

Synchrotrons that produce SR with bending magnets belong to the second generation of 

synchrotrons, dedicated to study specifically the SR. Third generation synchrotrons 

utilize insertion devices installed on the straight sections of the storage ring. Also, in this 

type of synchrotrons, electrons are repeatedly injected in the storage ring in order to 

maintain the electron current. In the year of 1986, Klaus Halbach invented insertion 

devices called undulator, which comprises periodic series of dipole magnets arranged 

linearly (see Figure 4.12). The electron beam passes longitudinally through the alternating 

dipole array resulting in a radial acceleration many times, which leads to an electron 

oscillatory trajectory in the horizontal plane. Due to the relatively weak magnetic field, 

the radiation cones emitted at each bend overlap with each other which results in a 

constructive interference and formation of spectrally very narrow peaks. Therefore, SR 

obtained from an undulator is composed of harmonics and its Brilliance [equation (4.15)] 

is many orders of magnitude higher compared to the SR generated by the bending magnet. 

Furthermore, radiation obtained from an undulator is in general elliptically polarized. For 

this reason, in modern synchrotrons, the polarization can be tuned to linear, horizontal or 

circular (or any other). Tuning the wavelength of SR produced by an undulator is 

performed by means of  mechanical adjusting of the vertical distance (gap) between the 

pole tips. 

 

Figure 4.12 - Schematic representation of the synchrotron radiation source. The electron 

storage ring is composed of many straight sections, connected by the dipole bending 

magnets. An undulator or wiggler is installed along the straight portions of the storage ring. 
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In order to compare SR sources of different kinds, a measure of the quality of the source 

called Brilliance is introduced. It is defined by the following relation: 
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where N - the number of photons, t - time, dθ - angle divergence, A - cross section of the 

photon beam and 0.1%BW - denotes a bandwidth 10-3ω centered around frequency ω. 

The key features of the SR are: 

 Wide energy range covering THz to hard X-rays 

 High brilliance 

 High collimation (small dθ)  

 Time-resolved pulsed light (in nanoseconds) 

 High level of polarization (linear, circular or elliptical) 

 

Synchrotron SOLEIL 

Experimental results presented in this Thesis are obtained at the synchrotron SOLEIL 

radiation facility near Paris,  France. Specifically, the experiments were performed at the 

beamlines DESIRS [8] and PLEIADES. In the following paragraphs, a brief description 

of the most important aspects of the synchrotron SOLEIL and the mentioned beamlines 

are presented. Figure 4.13 presents the simplified schematic of the SOLEIL synchrotron. 

It is a third generation synchrotron, with a total of 29 beamlines, covering a very wide 

range of photon energies in the range (10-4-105) eV.  

 

 

Figure 4.13 - Simplified schematic representation of the SOLEIL synchrotron. 
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Briefly, the electron gun produces bunches of electrons accelerated in a linear accelerator 

(LINAC) to 100 MeV. Electrons are then additionally accelerated in a smaller ring 

(booster), up to the nominal relativistic energy of 2.75 GeV and injected into a storage 

ring. The bending magnets, undulators and wigglers are positioned around the 345 m 

circumference of the storage ring, where SR is generated. At these points the photon 

energy range is from far IR (~1 mm) to hard X-rays (0.012 nm). 

 

4.4.1 DESIRS beamline 

 

The DESIRS [8] beamline is a vacuum ultra-violet (VUV) beamline, with a photon 

energy range of (5-40) eV. It uses an undulator to produce VUV light, with fully 

adjustable polarization. Equipped with a gas filter, which effectively cuts off the higher 

orders of the radiation, this beamline opens up the possibility to perform experiments with 

a high spectral purity in the low VUV region. The beamline (see Figure 4.14) has three 

different branches (A, B and C), with the one end station (on branches B) available for 

user particular experimental setups. Branch C is a permanent experimental setup for 

Furrier transform absorption spectroscopy (FTS), with an ultra-high resolving power of 

106 at 10 eV. After passing through the gas filter the light produced by undulator can be 

split in two directions: to the branch C or to the normal incidence monochromator (NIM). 

After the NIM, the monochromatized beam can be split and directed to the brunches A or 

B. The branch A comprises multipurpose molecular beam chamber, 

SAPHIRS, consisting of a source chamber and an ionization chamber separated by a 

skimmer. With maximum resolving power of 2x105, the B brunch is open for user’s 

setups. At this branch we have coupled our experimental setup, consisting of a dedicated 

vacuum stage and a mass spectrometer, equipped with an ESI source. 

 

 

Figure 4.14 - Schematic representation of DESIRS beamline. Adopted from [8].  
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4.4.2 PLEIADES beamline 

 

PLEIADES beamline is a soft X-ray beamline, capable of producing photons with an 

energy range of (10-1000) eV, with very high resolving power (105 is obtained at the 

energy of 50 eV). The beamline comprises two undulators with either permanent magnets 

or electromagnets. It can produce horizontal and vertical linearly polarized light down to 

energies of 10 eV. Above energies of 55 eV, fully adjustable polarized light is available. 

This beamline is characterized by a very high energy resolution and brilliance in a wide 

energy range of the soft X-ray photon beam due to the quasi-periodic design of undulators 

and varied groove depth of the plane grating. It is also equipped with a high resolution 

electron spectrometer, Auger electron-ion coincidence setup and a dedicated station for 

positive and negative ion photoionization studies. It consists of three optical branches 

with different beam focusing properties. 

 

 

Figure 4.15 - Schematic representation of the PLEIADES beamline. Adopted from [56]. 

 

4.5 Photon experimental setup - SRMS2 

 

4.5.1 Vacuum stage, coupling and alignment test 

 

Vacuum stage 

For the activation of the trapped ions with the photons from synchrotron radiation, a 

commercial mass spectrometer Thermo Scientific LTQ XL is coupled to one of the 

beamlines of the SOLEIL synchrotron facility. In order to couple the LTQ mass 

spectrometer with the appropriate beamlines a turbo pumping differential vacuum stage 

was designed by A. Milosavljević et al [9]. 3D model of the vacuum stage assembly is 

presented in Figure 4.16.  

The vacuum stage is based on a six-way cross, with two CF100 and four CF40 flange 

connections (see Figure 4.16). The main function of the vacuum stage is to maintain the 

pressure difference between the surroundings of the operating ion trap, which can go 
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down to 10-5 mbar and ultrahigh vacuum of the beamline, in the order of 10-8  mbar. The 

actual pressure inside the ion trap is 10-3 mbar, because of the Helium buffer gas. For this 

reason, the vacuum stage is equipped with a 300 L/s turbo pump, installed on the CF100 

flange. The beamline is attached to the left side of the vacuum assembly from Figure 4.16, 

via a short flexible CF40 bellows and a high vacuum valve with a MgF2 window. 

 

 

Figure 4.16 - 3D model of the differential turbo pumping assembly fitted with a mechanical 

shutter, ion gauge, a photodiode and a turbo pump. Designed by A. Milosavljević et al [9]. 

 

An ion gauge and Z-axis mechanical manipulator are installed vertically on CF40 flanges. 

The manipulator is used to optionally insert the Suprasill glass window, in order to cutoff 

the higher order harmonics of the VUV photon beam above 10 eV (for the lowest incident 

photon energies used) for improved spectral purity. A photodiode (AXUV100, 

International Radiation Detectors) and the shutter assembly3 are coupled to the vacuum 

stage via a custom made stainless steel box with CF40 coupling. Both the mechanical 

shutter and the photodiode are installed on the one axis precision manipulators. This 

enables the fine tuning of the position of the shutter head4 with respect to photon beam. 

Moreover, the photodiode can be inserted optionally, in order to measure the photon flux 

just before the ion trap. The vacuum assembly is rested on a rigid support and positioned 

behind the LTQ mass spectrometer (at the ion trap side). 

In order to precisely align the axis of the ion trap with respect to the photon beam, an 

adjustable supporting frame was constructed by A. Milosavljević et al [9]. The adjustable 

                                                           
3 Details and operation of the mechanical shutter are presented in Section 4.5.2. 
4 For reference, see Figure 4.22. 
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frame is positioned on a rigid table and LTQ mass spectrometer is mounted on top of it.  

Figure 4.17 presents the 3D model of the adjustable supporting frame. 

 

 

Figure 4.17 - 3D model of the adjustable supporting frame for LTQ mass spectrometer 

used to precisely align the ion trap axis with respect to the photon beam. Designed by A. 

Milosavljević et al [9]. 

 

The supporting frame is designed to enable fine tuning of the position in 3 translational 

axes, and 3 rotational axes, covering all degrees of freedom. Adjustments for each axis 

are realized with the hex key screws. The alignment process is rather tedious and crucially 

important for obtaining the best overlap of the trapping volume with the photon beam, 

ensuring the high signal to noise ratio. Figure 4.18 presents a 3D model of final assembly 

with the vacuum stage, LTQ mass spectrometer, the supporting frame and the carrier 

table. 

 

 

Figure 4.18 - 3D model of the vacuum stage coupled to the LTQ mass spectrometer, 

installed on an adjustable supporting frame, which is rested on a rigid table. The entire 

system is mobile. Designed by A. Milosavljević et al [9]. 
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Coupling 

The vacuum stage is coupled to the back side of the LTQ mass spectrometer via CF40 

flexible bellows. In order to obtain a coupling of the vacuum stage through CF40 bellows 

to the chassis of the LTQ mass spectrometer, a custom Plexiglas window plate is 

designed. The back side of the LTQ mass spectrometer was originally sealed with a metal 

plate. 3D model of the Plexiglass window is presented in Figure 4.19. 

 

 

Figure 4.19 - 3D model of the Plexiglass back plate window, designed to couple the 

vacuum stage to the LTQ XL mass spectrometer: a) back side, positioned towards LTQ 

and b) front side, with CF40 rubber seal groove and threaded holes. Designed by A. 

Milosavljević et al [9]. 

 

 

Figure 4.20 - Picture of the experiment with LTQ mass spectrometer coupled to the 

DESIRS beamline of the SOLEIL synchrotron.  

 

Entire assembly with the LTQ mass spectrometer presented in Figure 4.18, is portable. 

The carrier table is equipped with small subtractable wheels. This allows for a quick 

transport of the whole system to another beamline of the synchrotron SOLEIL. With this 

system, trapped target molecules can be subjected to a wide range of the photon energies, 

covered by the several beamlines. The system has been so far effectively coupled to the 
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DESIRS, PLEIADES and DISCO beamlines of the SOLEIL facility, as well as to the keV 

ion beamline GANIL. The results presented in this Thesis were obtained from the 

experiments involving the first two mentioned beamlines. A photograph of the coupling 

the system to the DESIRS beamline is presented in Figure 4.20. 

Alignment process 

The alignment of the ion trap axis with respect to the photon beam is done in 3 steps. In 

the first step, before the beamtime and the pumping,  the table with the supporting frame 

and LTQ is positioned roughly into place with respect to the beamline theoretical optical 

line. If coupled to the DESIRS beamline, the advantage is a still visible part of the zero-

th order of the VUV photon beam, which can be detected by eye when reflected from a 

sheet of white paper. In that case the second step is performed. ESI source is removed 

from the LTQ mass spectrometer, enabling the clear path of the VUV photon beam, after 

passing through the ion trap and ion optics. In order for this step of the alignment process 

to work, both LTQ and vacuum stage have to be brought back to the atmospheric pressure. 

The beamline coupling valve is closed. Since the moving part of the valve is constructed 

out of MgF2 glass window, it is still transparent UV light. The beamline is then set to the 

lowest possible energy of 4 eV. The UV photon beam can then pass all the way through 

the ion trap and the ion optics system. Small adjustments are made on the supporting 

frame, until the bright violet spot is seen on the UV reflective paper positioned just after 

the ion optics, at the front side of the LTQ mass spectrometer. 

In the final third step of the alignment process vacuum stage and LTQ mass spectrometer 

are pumped to the ultimate pressures of 10-6 mbar and 10-5 mbar, respectively. 

Cytochrome C or Insulin precursor ions are electrosprayed and selected in the ion trap5. 

The trapped ions are subjected to the beam of VUV photons, with an energy of 15.4 eV. 

Figure 4.21 presents the obtained action MS2 after optimal alignment, obtained for 

Cytochrome C, 8+ precursor ions. 

The MS2 was normalized to the precursor ion [M+8H]8+, designated at m/z 1542. 

Relaxation channels corresponding to the ionization of the precursor ions with VUV 

photons appear in the spectrum. Peaks at mass-to-charge ratios of 1370, 1233 and 1121 

correspond to radical cations [M+8H]•9+, [M+8H]•10+ and [M+8H]•11+ originating from 

single, double and triple ionization of the precursor ion, respectively. Optimal alignment 

was obtained by maximizing the relative intensities of these ion fragments by fine tuning 

the position of LTQ with the supporting frame. 

 

                                                           
5 More details about the experimental procedure are presented in Section 4.5.4. 
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Figure 4.21 - Tandem mass spectrum, recorded for Cytochrome C precursor ions of 8+ 

charge state, after activation with VUV photons at 15.4 eV energy. Adopted from [57]. 

 

4.5.2 Mechanical shutter - design and operation 

 

Photon beam chopping was achieved by positioning the rotating mechanical shutter at its 

path, just before the entrance to the ion trap. The shutter is designed by A. Milosavljević 

et al [57] and installed in the turbo vacuum stage. The assembly with the mechanical 

shutter is presented in Figure 4.22. The mechanical part called shutter head is attached to 

the shaft of the rotational electric motor Khunke, in order to physically block the photon 

beam. The shutter head is made from Aluminum, with a cylindrical shape and a hole 

perpendicular to the cylinder axis. The motor is powered by the shutter circuit6 consisting 

of a solid state relay connected to the power supply. The motor actuation is initiated by 

the TTL signal from the LTQ mass spectrometer, whose length is defined by the 

activation (irradiation) time of the selected ions. 

TTL signal line was traced in the electronic board of the LTQ and taken out of the casing. 

The line of the signal is connected to the input of the shutter circuit and acts as a trigger. 

Activated by the high state (5 V) of the TTL signal, the shutter circuit drives the electric 

motor which rotates the shutter head. Optionally, a delay generator is inserted in front of 

the shutter circuit in order to close the shutter typically 50 ms before the end of the actual 

activation time. If so, the activation time then has to be set to 50 ms longer. The delay 

generator is set to activate at the rising edge of the TTL signal sent by the LTQ and to 

generate a new TTL signal in the phase with the original one (see Figure 4.23). In this 

way, the interaction of photons with ions is stopped before the detection of the ion 

fragments. When the activation time runs out and TTL signal goes to 0 V, the mass 

                                                           
6 In the following text term “shutter circuit”, will be used to refer to the electrical part of the mechanical 
shutter in the experiment with photons. In the second part of the Thesis, the same term will be used for 
different circuit, required in the experiment with electrons. 
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spectrum is recorded. As a result, the recorded mass spectra showed fairly reduced 

background signal noise peaks. 

 

 

Figure 4.22 - Mechanical shutter for the chopping of the photon beam. Picture of the shutter 

assembly mounted on a CF40 flange is on the left. 3D model of the shutter assembly is on 

the right. Adapted from [57]. 

 

 

Figure 4.23 - Block diagram with delay generator in front of the shutter circuit, for better 

signal to noise ratio. TTL signal length of 600 ms is used as an example. 
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Figure 4.24 - Electrical circuit for the mechanical shutter. Solid state relay (SSR) switch 

consist of an IR photo-diode and two field effect transistors (FETs) with a photosensitive 

gate. The high state of TTL signal turns on the photo-diode which results in a closing of 

the two transistors, closes the circuit on the right side by applying 24 V to the electric motor. 

The absence of TTL signal (or low state - 0 V)  leads to the open circuit and electric motor 

is not powered. 

 

The electronic circuit for the mechanical shutter is represented by “Shutter circuit” box 

in Figure 4.23. Actual schematic of the circuit is presented in Figure 4.24. It consists of a 

solid state relay switch, which connects a power supply of 24 V directly to the electric 

motor, as long as 5 V TTL signal is present at its input. Applying the 24 V on the motor 

quickly rotates the shutter head. Mechanical constraints allow the shutter head to rotate 

only for 90°, locking it in a position such that the hole is parallel with the direction of the 

photon beam. The shutter head is spring loaded, thus as soon as the motor power is cut, 

the shutter head is rotated back for 90°, to the position such that the photon beam is 

blocked.  

In order to estimate the shutting speed of the entire shutter system, test measurements are 

conducted under high vacuum, at the pressure of 10-7 mbar. The performance of the 

mechanical shutter is evaluated by measuring the current from the photodiode 

(AXUV100, International Radiation Detectors), positioned just after the shutter head in 

the vacuum assembly. The photodiode current measured with the digital oscilloscope 

(DG645, Stanford 150 Research Systems, Sunnyvale, CA, USA), was generated by the 

zero-th order of the VUV light from DESIRS [8] beamline. The signal obtained from the 

photodiode after applying the power to the shutter motor is presented in Figure 4.25. 
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Figure 4.25 - Photodiode current generated by the zero-th order of synchrotron radiation 

light, measured after opening the mechanical shutter under high vacuum. The red line is 

generated by 50 point Savitzky Golay smoothing of the obtained signal, in order to reduce 

the noise. Adopted from [57]. 

 

The results of the performance test [57], reveal that the shutter has a systematical delay 

of about 20 ms, because of the mechanical inertia of the moving parts, although this does 

not influence the irradiation of trapped ions. The shutting speed was estimated from 

Figure 4.25, to be around 1 ms. 

 

 

 Figure 4.26 - Durability test of the shutter, during 24 hours in vacuum conditions. Shutter 

motor winding resistance is represented with stars, while circles show the pressure in the 

vacuum assembly. Adopted from [57]. 

 

The resistance of the motor windings was checked under high vacuum conditions, through 

24 hour period with a 70 % of the duty cycle. The results of the test [57] are presented in 
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Figure 4.26. Durability test showed only slightly elevated resistance of the motor 

windings, proving that large copper holder/heat sink is absorbing most of the generated 

heat, even under vacuum. The heat from the copper holder is conducted to the vacuum 

parts of the vacuum stage assembly. The latter is then quickly cooled by the surrounding 

air at room temperature of 21 °C. The pressure in the vacuum assembly is increased 

during the first hours of the test due to the degassing of the motor windings. The pressure 

decrease was observed after 3 hours from starting the test. The resistance of the windings  

only slightly increased and remained practically constant during the entire test, meaning 

that the temperature of windings was well below the alarming limits. Both the vacuum 

stage pressure and motor winding resistance drop to starting values, within an hour after 

the motor was turned off. 

 

4.5.3 Synchronization with the beamlines 

 

The action spectroscopy of the macromolecular targets presented in this Thesis is 

achieved through automated acquisition system made by A. Milosavljević and A. 

Giuliani. The acquisition system is based on the home-made software, which couples two 

independent hardware components - the LTQ XL mass spectrometer and a synchrotron 

beamline into one instrument. TTL electric signals are utilized in order to  synchronize 

the operation of these two devices. The control logic for the electric signals is governed 

by a home-made computer program, written in Igor Pro. The basic principle of the 

instrument lies in repeating three processes: 1) the ion production and selection, 2) the 

ion activation at defined energy and 3) the detection of fragments. Each cycle is 

performed at different activation energy, obtaining activation tandem mass spectra (MS2) 

for the desired molecular target. The procedure for the acquisition of many MS2, for a 

range of different energies, is defined as an “energy scan”. 

One energy scan consists of a number of energy points, ranging from 10 to 100. A custom 

temporal sequence is defined and ran for every energy point. One temporal sequence 

comprises sequential isolation of one or multiple precursors. Individual acquisition (ion 

irradiation) time length for each precursor is set, which defines the total time length of 

the sequence. All precursors in the sequence are first subjected to one photon energy and 

recorded in a “raw file”7, which contains one mass spectrum for every precursor. The 

sequence is then repeated until all energy points are scanned. At the end of an energy 

scan, depending on the number of energy points, the same number of raw files containing 

all precursor mass spectra is generated. The total time required for one energy scan is 

determined by the number of energy points multiplied by the time length of the sequence. 

Typically, for practical reasons, the energy scans were created to last not more than 10 

hours. 

                                                           
7 Raw file is the digital computer file format (example scan1.raw) generated by the mass spectrometer 
software, which contains all data stored during one sequence. This data contains tandem mass spectra 
and a range of instrumental parameters. 
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The energy scan process is practically realized by the usage of peripheral controls - start 

in and ready out, as an inbuilt hardware option of the LTQ XL mass spectrometer. As 

their names suggest, start in is an input type of connection, while ready out serves as an 

output. Operating principle of these controls is the two state digital logic - TTL. Each 

control has two contacts, which can be either open (not connected, 5 V) or closed (shorted 

to the ground, 0 V). LTQ peripheral controls are connected to the PC computer via 

external USB National Instruments (NI USB-6501) analog-to-digital (AD) card. The 

computer program was written in Igor Pro software in order to control and automate the 

entire energy scan process. For the purpose of synchronization, one input and two output 

connections are utilized from the AD card. A schematic diagram for the digital 

communication of LTQ mass spectrometer with the DESIRS beamline is presented in the 

Figure 4.27. 

 

 

Figure 4.27 - Block diagram for connection of LTQ mass spectrometer with DESIRS 

beamline. 

 

The LTQ mass spectrometer is set to send 5 V TTL signals in the duration of ion 

activation time (600 ms in the present case). These signals were traced on the internal 

board of LTQ, hard wired and taken out of its case, for the synchronization of the shutter 

circuit. In Figure 4.27 dashed line symbolizes the wire that carries the TTL signal out of 

the LTQ to the shutter circuit8.   

At the end of each sequence (scan for one energy point has finished) a long contact closure 

signal (1000 ms) is sent by the LTQ at ready out. The long signal is detected by the 

computer program in Igor Pro, which then sends a TTL signal of 5 V through AD card to 

the beamline in order to change the photon energy to the next one. Regarding the 

communication there are two types of beamlines utilized to conduct experiments, whose 

results are presented in this Thesis. For them, the communication can be one-way 

(DESIRS beamline), or two ways (PLEIADES beamline). 

                                                           
8 TTL signal can either be connected to the inputs of the circuit for the mechanical shutter Figure 4.24, or 
the electrical shutter circuit presented in Figure 4.42 in Section 4.6.4. 
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The one way communication beamline like DESIRS, has the option to only receive 

signals. It is the reason why the intermediate stage with an AD card and a computer 

program have to be used. When a sequence is finished, the contact closure at ready out is 

detected by the program. This initiates a TTL signal through the AD card, which is sent 

to the control input of the DESIRS beamline. The program then waits for a custom defined 

5 seconds for the beamline to change the photon energy (wavelength). Waiting period of 

5 seconds is determined experimentally as the optimal time window length, during which 

the DESIRS beamline will certainly finish the wavelength changing process. After this 

time passes, the program generates a TTL signal and sends it through the out 1 of the AD 

card to the LTQ start in input, as a signal to start the new sequence. The program 

algorithm is depicted in the Figure 4.28, while the control window of the program is 

presented in Figure 4.29. 

 

 

Figure 4.28 - Algorithm for Igor Pro program, used for energy scan process automation. 

Designed by A. Milosavljević and A. Giuliani. 
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Figure 4.29 - Custom made Igor Pro control window running on mass spectrometer’s PC, 

used for energy scan process automation. Designed by A. Milosavljević and A. 

Giuliani. 

 

On the other hand, the beamline PLEIADES is capable of changing the photon energy 

initiated by the external signal. Upon receiving a signal from LTQ, indicating that one 

energy point is finished, the beamline automatically prepares the necessary readjustments 

for the next photon energy. After the change to a new photon energy is done, the beamline 

sends the signal to its control output. The block diagram for the connection with 

PLEIADES beamline is depicted in Figure 4.30. 

 

 

Figure 4.30 - Block diagram for connection of LTQ mass spectrometer with PLEIADES 

beamline. 

 

4.5.4 Experimental procedure 

 

This section is dedicated to the experimental procedure used in order to activate the 

trapped ions with photons from synchrotron radiation. As previously mentioned, the 

system is mobile and can be coupled to one of the three appropriate beamlines of the 

synchrotron SOLEIL. Figure 4.31 presents the part of the experimental setup involving 

the VUV photons from DESIRS beamline at the brunch B. The schematic representation 

of our experimental setup coupled the end station of brunch B at DESIRS beamline, is 

presented in Figure 4.32. The experimental procedure for coupling and synchronizing the 

system with the PLEIADES beamline is similar in principle, thus it is not presented in the 

Thesis. The timeline of the experiment is presented in Figure 4.33. 
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Figure 4.31 - Schematic representation of the VUV photon path in brunch B at the DESIRS 

beamline, starting from an undulator to the point where the experimental setup is coupled. 

Adapted with permission from  [9]. 

 

Figure 4.32 - Experimental method and schematic for synchronization of the LTQ mass 

spectrometer with the DESIRS beamline. 

 

 

Figure 4.33 - Timeline of the experiment for the activation of trapped ions with VUV 

photons from DESIRS beamline: 1) ion injection, 2) ion selection, 3) ion irradiation and 4) 

fragment ion detection. 
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The experimental procedure is performed through four sequences: 1) ion production, 2) 

ion selection, 3) ion activation and 4) detection. More details are given below: 

(1) Analyte solution was injected into a syringe and forced with the assistance of the 

mechanical pump through small capillaries into the ESI at the desired flow rate. 

Depending on a desired state of the target molecules, LTQ mass spectrometer can be 

equipped with two types of the ESI sources - standard ESI or nano-ESI. In this Thesis 

both hydrated and bare peptide precursor ions were probed with VUV photons.  The 

production of hydrated precursor ions is more difficult and requires adjustments of the 

spray parameters. In both cases, all electrosprayed ions are guided by the ion optics and 

stored into the ion trap. 

(2) A vast number of different charge state precursors can be produced simultaneously by 

a standard ESI (or nano-ESI) source. Only one precursor of the interest is selected, by 

defining the mass-to-charge ratio in the LTQ mass spectrometer software. The selected 

precursor was isolated in the ion trap by ejecting all other ions. 

(3) After reaching the storing capacity of the ion trap, a 5 V TTL pulse is initiated by the 

LTQ electronics. The presence of the 5 V TTL signal on the shutter circuit closes the 

relay contacts and applies a 24 V on the electric motor inside the vacuum stage. The 

shutter head is rotated, allowing the VUV photon beam to irradiate the trapped ions. TTL 

5 V signal is present during the activation time, defined previously (for example to 650 

ms) in the LTQ software. In addition, a delay generator was installed on the path of the 

TTL signal, in order to introduce an acquisition delay (of usually 50 ms). As a result, the 

trapped ions are irradiated during a shorter time. After the activation time passes, LTQ 

sets  TTL signal to the low state (0 V), the motor power is cut and the spring quickly 

rotates back the shutter head closing the photon beam. 

(4) The detection takes place as soon as the TTL signal goes back to the low state (0 V). 

All ion fragments are ejected from the ion trap and an action tandem mass spectrum is 

recorded at the given photon energy and for the currently trapped precursor ion. 

The LTQ software gives the possibility to program the selection method, containing a 

procedure with multiple precursors, with user defined duration for each precursor. In that 

case, each precursor is successively isolated in the ion trap during a specified time, 

ranging from (1-30)  minutes. Steps (3) and (4) are then repeated for one photon energy 

until all precursors contained in the selection method are irradiated. 

Each time the selection method is completed, or after the irradiation of all defined 

precursors at one photon energy, the LTQ initiates a long contact closure at ready out. 

This signal is detected by the program in Igor Pro and the TTL signal is sent to the 

DESIRS beamline in order to change the photon energy. The entire process is repeated 

until all predefined energy points are scanned. At the end of the energy scan, an action 

MS2 for every precursor of the analyte macromolecule is acquired, at each photon energy 

defined in that particular energy scan. 
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4.6 Electron experimental setup 

 

4.6.1 Electron gun 

 

Double focusing electron gun was used as a source of electrons, for the purpose of 

activating trapped ions. It was developed at the Institute of Physics in Belgrade by S. 

Madžunkov and it is a constituent part of the experimental setup UGRA [58]. It is capable 

of producing relatively high primary electron current in the order of few μA in the electron 

energy range of  (40-350) eV. A cross section view of the electron gun is depicted in 

Figure 4.34. 

 

 

Figure 4.34 - 3D model of the electron gun, electrode cross section view. 

 

The electron gun consists of seven concentric cylindrical electrodes. The electrodes are 

separated using the rubidium balls of 3 mm in diameter. The last electrode (M) is 

grounded, as well as the interaction region. The electrons are produced in the thermo-

electron emission from the tip of the hairpin cathode, directly heated with currents of 2 A 

to 2.5 A. The cathode is made of thoriated tungsten wire 0.2 mm in diameter and spot 

welded to suitable pins cast in a ceramic disc. The electrodes of the electron gun can be 

divided into two parts: 1) the extraction and the focusing part. The extraction part of the 

electron gun comprises a hairpin cathode, electrodes W (Wehnelt), A1 (Anode) and C, 

whereas the focusing part is composed of electrodes A2, S, V and M. Two axis deflector 

unit have been installed inside the electrode S in order to enable the fine adjustment of 

the electron beam in the plane normal to the axis of the electron gun. In order to produce 

electrons with a defined energy, the cathode is supplied with a negative voltage in relation 

to electrode M, which is grounded along with the rest of the vacuum chamber. All other 

electrode voltages are floating on the negative cathode potential, such that focusing 

properties of the electron gun can be preserved with the change of the electron energy 

(cathode voltage). Since the electrodes W and C have a negative voltage applied in 
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relation to the cathode, while A is positive, the extraction part of the gun formed from 

these three electrodes, has double focusing properties. First focusing of the electron beam 

happens by the lens formed with electrodes W and electrode A1. Second focusing 

happens between electrodes C and A2, which has a 0.5 mm diameter hole extending into 

a cone. After the extraction part, an image of the cathode with a defined circular shape is 

formed.  The electrodes S, V and M, form a three-electrode lens with the purpose of 

defining the final geometry of the electron beam and focusing it on a given distance from 

the gun. Tuning the voltage on the electrode V is used to regulate the focusing properties 

of the electron beam for a given distance and electron energy. Present electron gun has 

been designed to generate a continuous electron current. This means that the cathode is 

constantly heated and that a steady stream of electrons with a defined energy and a beam 

geometry is produced continuously.9 

 

4.6.2 Electron beam cut off principle and current measurements 

 

For the purpose of activating trapped ions in the collisions with electrons, a continuous 

mode of the electron gun current cannot be used. Because of the temporal nature of 

tandem mass spectrometry experiments, the ion activation has to be engaged only during 

the short period of times - typically several hundreds of milliseconds. Therefore, in order 

to perform the action spectroscopy experiment with electrons as projectiles, a pulsed 

electron beam is required. 

To cut off the photon UV (or X-ray) beam, a simple mechanical blocking was enough, as 

described in the previous chapters. For electrons this type of beam cut off is not desirable. 

The electrons are charged particles and can be easily splatted or reflected from conductive 

surfaces. On the other hand, they can charge nonconductive materials. As a consequence, 

the presence of an additional charging  perturbs the optimal electric field generated by the 

electron optics. The final outcome is either a significant distortion or scattering of the 

electron beam. 

In the present experiment, we chose to block the electron beam by means of preventing 

the emission of electrons from its source – the cathode. This can also be achieved by 

lowering the cathode temperature (for example, by decreasing the cathode current), but it 

is a very inefficient, unstable and slow process. An efficient electron beam cut-off can be 

achieved through a controlled change in the geometry of the electric field. For example, 

by applying the convenient pulsed voltage on one of the electron gun’s electrodes. In the 

process of thermo-electron emission, a direct heating of the metal cathode increases the 

energy of the free electron gas inside it. At an appropriate cathode temperature, electrons 

have enough energy to escape the surface of the metal. The amount of this energy is 

defined by the metal work function, specific to every material. Therefore, by applying 

convenient voltages on the W electrode, placed just between the cathode and the anode, 

the metal work function of the cathode can be additionally altered in a controlled way - 

                                                           
9 In the following text, this way of operation will be referred as a continuous mode of the electron gun. 



M. Lj. Ranković 

Institute of physics Belgrade | Experimental methods 42 

  

PhD Thesis 

to enable or prevent the electron emission from the tip of the hot hairpin cathode. The 

voltage applied to the W electrode required to fully suppress the electron emission was 

determined experimentally. It was done by measuring the electron current at a fixed 

distance from the electron gun, as a function of W electrode voltage. 

Schematic for measuring the electron current in a Faraday cup is presented in Figure 4.35. 

The Faraday cup assembly is made from stainless steel. The electron collector is made 

from stainless steel bar, cut at 45° relative to its axis. It is installed in an isolated shielding 

tube, with 2 mm diameter hole at the front end. The entire Faraday cup assembly is 

positioned at a distance of 72 mm from the last electrode (M) of the electron gun.  The 

electrode voltages are optimally adjusted to focus the electron beam on the Faraday cup, 

indicated by the maximal current readout, for a given cathode heating current and the 

electron energy. 

 

 

Figure 4.35 - Schematic diagram for electron current measurement using a Faraday cup. 

 

Schematic for the electron emission current measurement is presented in Figure 4.36. An 

external power supply provides the relatively high current of 2.3 A for direct heating of 

the cathode. Another external supply provides a tunable negative voltage of up to 350 V 

which defines the electron energy since the interaction region is grounded. It is connected 

to the cathode through two equal high power resistors of 220 Ω, labeled with letter R in 

the Figure 4.36. This connection creates such voltage drop across the cathode, that 

potential on its tip is exactly -150 V. The cathode tip is a rather small surface and the 

energy distribution of all ejected electrons is dictated by the cathode tip temperature only. 

For this configuration, the influence of the geometry of the ejecting surface on the energy 

spread of ejected electrons is minimal. Thermo-electron emission process yields a typical 

energy bandwidth of 0.5 eV, for the tungsten hairpin cathode. Another important 
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advantage of applying the voltage to the cathode through resistors, as depicted in Figure 

4.36, is that the electron emission current from the cathode can be directly measured10.  

 

Figure 4.36 - Schematic diagram for electron emission current measurement. 

 

Figure 4.37 presents the measured electron emission current from the cathode for different 

W voltages, as well as the Faraday cup current. For W voltages up to -20 V, we can see 

that both the emission current and the Faraday cup current are zero. Therefore for this 

given configuration of all other electrode voltages, both currents start increasing from 

about W=-20 V until they reach saturation at around W=-14 V. 

 

 

Figure 4.37 - Electron emission current from electron gun cathode and current measured 

in the faraday cup, as a function of W (Wehnelt) electrode voltage, for 2.3 A cathode current 

and 150 eV electron energy, for the pressure of 7x10-7 mbar. 

 

                                                           
10 In this method of electron emission current measurement, only approximate value can be obtained. 
Measured current is linearly proportional to the real emission current, in the limited range only. 
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In order to make sure that there are no electrons emitted from the cathode, we used -50 V 

for the beam cut off  W voltage. On the other hand, the working W voltage which enables 

a good focusing, called beam on voltage, is set to -14 V. It should be noted that only a 

small part from 15 µA current emitted from the cathode, actually exits the electron gun 

because the majority of electrons are lost inside the electron gun, as seen in Figure 4.37. 

For this particular electrode voltage preset current measured in the Faraday cup was 

around 2 µA. 

Figure 4.38 compares the electric field distribution and the electron beam trace simulation 

from program SIMION [59] for different W voltages. The angular distribution of 

electrons emitted from the hairpin cathode is wide, thus a negative voltage has to be 

applied to the W electrode relative to the cathode potential, in order to narrow the beam. 

The influence of a negative W voltage can be seen by comparing Figure 4.38 (a) and (b). 

The electrons are scattered over the small aperture of electrode A if the W potential is 

kept at the cathode potential (W voltage of 0 V) Figure 4.38a. Optimal W voltage provides 

a good focusing and minimizes the loss of electrons that would otherwise scatter on the 

anode (Figure 4.38b). However, further lowering of the W voltage relative to the cathode 

to a critical value, creates a potential barrier which prevents the electron emission (Figure 

4.38c). In this case, the metal work function of the cathode is effectively increased and 

the energy of the electrons is lower than the depth of the potential barrier, for the same 

temperature (the current) of the cathode. 

 

 

Figure 4.38 - Electric field and electron beam trace simulation from program SIMION. 

Voltages applied on Wehnelt electrode are relative to the cathode voltage: a) 0 V, b) -14 V 

and c) -50 V. High enough negative voltage completely blocks the electron emission. 

 

4.6.3 Pulsing the electron gun 

  

An electrical schematic of the electron gun with electronic shutter circuit11 is presented 

in the Figure 4.39. The cathode and all electrodes are connected to the external power 

supplies. Each electrode has its own dedicated voltage divider constructed of variable 

resistors (helipots12) and a few fixed precision resistors. Two power supplies (one positive 

                                                           
11 In the following text, term “shutter circuit” will be used to refer to the electronic shutter circuit, which 
supplies pulsed voltages on electrode W, in order to pulse the electron beam. 
12 Helipot is a multi-turn (up to 20 turns) variable resistor and is commonly used in electric circuits which 
require precise resistance adjustment along with high stability of voltages. 
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150 V and one negative -50 V) supply electrode voltages required for the operation of the 

electron gun. The electrode W is connected to its power supply through the shutter circuit. 

It was specially designed for the purpose of this experiment, in order to chop the electron 

beam. Details about the shutter circuit and its operation are given in the following 

paragraphs. In Figure 4.39, the shutter circuit is represented by a box, as the rest of the 

power supplies. The voltage input of the shutter circuit is the same negative power supply 

(of -50 V) as the one used for the electrode C. The output of the shutter circuit is triggered 

by the external TTL signal, generated by the LTQ mass spectrometer. The shutter circuit 

output has two states, depending on the state of the TTL signal. Each state is defined by 

one voltage, tuned to either enable or prevent the electron emission, thus allowing for the 

pulsed mode of operation. 

 

Figure 4.39 - Electron gun schematic with shutter circuit driven by TTL signal. All 

electrode voltages are floating on the potential of the cathode, which defines the electron 

energy. 

 

4.6.4 Electron gun shutter circuit 

 

A custom electric circuit was designed in order to supply two different voltages on the W 

electrode, triggered by the TTL signal sent from LTQ mass spectrometer. The circuit 

operates as a simple switch, connecting either the fixed -50 V to cut off the beam, or the 

tunable -14 V voltage, which allows optimal focusing of the electron beam. The basic 

principle of operation of the electron shutter circuit is presented in Figure 4.40.  

In order to obtain fast and stabile voltage changes, we decided not to use mechanical 

relays. The reason is because of their multiple contact closures before the final contact 

closure, which would create noise in the highly stable voltages required for electron gun 
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electrodes. On the other hand, the solid state relay used in the photon shutter circuit to 

drive the DC motor was the barely sufficient speed and stability for this purpose. 

Moreover, its power handling is well above nano-ampere currents that are typically 

required for electrodes of the electron gun. Also, it would require two of these relays to 

assemble the switch from the Figure 4.40. Instead, we designed a switching circuit that 

works on a similar principle as the solid state relay – using two optocouplers. 

 

 

Figure 4.40 - The basic principle of operation of the electronic shutter circuit. In the upper 

position a switch connects -14 V to the W electrode, enabling the electron emission. 

Electron emission is completely blocked if the switch is in the lower position, where -50 V 

is applied to the W electrode. 

 

An optocoupler is a passive electronic component, used to transfer the electric signal from 

one stage to another, using an infrared photodiode and a phototransistor. When the 

photodiode is turned on, infrared light opens the bipolar phototransistor. Because the 

resistance between the emitter and collector is very small when the transistor is open and 

vice versa, it is suitable for switching. If there is no infrared light, the transistor stays 

closed and the collector to emitter resistance is in the order of giga ohms. The basic 

principle of operation of an optocoupler is presented in Figure 4.41. The advantage is that 

the two optocoupler stages are galvanically isolated from each other and the reaction 

speed of the output phototransistor in relation to the input of the photodiode is in the order 

of microseconds. The shutting speed used for photons was in the order of 500 ms, but in 

the present case with electrons, the shutter circuit was designed to achieve the activation 

time of at least 1 ms. 

 

Figure 4.41 - Optocoupler – semiconductor electronic element.  Infrared (IR) photodiode 

and an IR phototransistor are enclosed in a sealed package. Input terminals of the 

photodiode are (1) – anode, (2) – cathode, while output terminals of the phototransistor are 

(3) - collector and (4) – emitter.  
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Schematic of the shutter circuit for W electrode is presented in the Figure 4.42. A detailed 

description of the circuit follows. The circuit is designed in two stages, the driver 

(optocoupler) and the switching (transistor) stage. The function of the driver stage is to 

galvanically insulate the input - the LTQ mass spectrometer, from the high voltage output 

– required for the electron gun electrodes. Driven by the first stage, switching stage is 

composed of the voltage divider along with two transistors, which applies the high 

voltages to the W electrode.  

The driver stage consists of two optocouplers O1, O2, the voltage supply for the 

optocouplers V1, the current limiter resistors R1, R2 for protection and two digital logic 

inverters enclosed in an SN7404 integrated chip. It should be noted that a signal generator 

(labeled TTL) in Figure 4.42 is not a part of the shutter circuit and is used for the 

simulation purpose only. The anodes of the photodiodes (their left sides in Figure 4.42) 

in both optocouplers are connected to the 5 V supply, through the resistors R1 and R2. 

The photodiode lights up only if there is enough voltage applied across its terminals13. In 

order for optocouplers to be in the conducting state, the cathode (right sides of the 

photodiodes in Figure 4.42) has to be polarized at 0 V (grounded). In order to design a 

switch which connects only one of the two input voltages to the output (W electrode), two 

optocouplers must always work in the opposite states – the first one on, the second one 

off and vice versa. The alternating operation is achieved with two digital inverters labeled 

N1 and N2 in the Figure 4.42. TTL signal from the LTQ mass spectrometer is simulated 

by the signal generator, setup to output a square wave pulse signal, with an amplitude of 

5 V and 500 Hz frequency. This signal corresponds to the TTL output of the LTQ mass 

spectrometer for the activation time of 1 ms. The signal from the function generator is 

connected to the inverter N1, whose output is in series with the second inverter N2. The 

outputs of the first N1 and the second N2 inverters are connected to the cathodes of the 

photodiodes in the first O1 and second O2 optocoupler respectively. Since both anodes 

of the optocouplers are fixed at 5 V, this connection will ensure that the cathodes of the 

photodiodes are always connected to different voltages (0 V or 5 V). As a result, only one 

optocoupler can be in the conducting state while the other one is turned off. For example, 

if the input signal (from the signal generator) is at 5 V, the optocoupler O1 will be turned 

on, since its cathode will be at 0 V. Inverting the 5 V twice, after passing through both 

inverters, the cathode of the photodiode in the optocoupler O2 will, in that case, be at the 

same 5 V as its anode - meaning that it is turned off. 

 

                                                           
13 For silicon PN junctions (diodes) this usually means at least 0.6 V, since it is the value of voltage drop 
generated across its terminals in the forward (conducting) direction. 
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Figure 4.42 - Electric schematic for shutter circuit used to simulate and record the 

circuit response. 

 

The driver stage of the shutter circuit has the function to drive the FETs (field effect 

transistors) that work as switches. An optocoupler driver stage alone cannot handle the 

high voltages floating voltages, therefore, the transistor switch stage had to be added. 

Both stages combined have a microsecond switching speed, determined by the slower 

driver stage, even though the transistor (FET) stage may work in the sub-microsecond 

regime. The collectors of the optocoupler output transistors are polarized to 12 V, through 

the Zener diode D1. This is not entirely true for the Q2 because it is floating on a variable 

part of the voltage divider created by R3 and R8 in addition to 12 V from the D1. For the 

transistor Q2, the resistor R6 value had to be increased enough so that it does not always 

stay closed. The increasing of the R6 has a downside of lowering the response time of the 

rising edge, which is clearly visible in Figure 4.44. The resistor R4 has the protection 

function, by limiting the maximal current passing through the bipolar output transistors 

of the optocouplers. The transistors Q1 and Q2 are N-channel enhancement mode field 

effect transistors and their gates are connected to the emitters of the optocoupler output 

transistors. The resistors R5 and R6 are connected in parallel with the drain and the gate 

of the FETs, to turn them off when optocouplers are in the off state. FETs have small 

capacitance between gate and drain, which can charge up and leave them open for a while. 

Resistors R5 and R6 are placed in order to dissipate this charge and close the FETs as 

soon as optocouplers are in the off state. Values of these resistors are critical for the 
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performance of the circuit and they have been carefully chosen and tested to obtain the 

fastest reaction possible. When open, the transistor Q1 shorts its drain and source, thus -

50 V from the external voltage supply V3 goes directly to the W electrode. If the transistor 

Q2 is open, then the adjustable voltage from voltage divider formed by helipot R3, 

resistors R8 and R9 is connected to the W electrode. In this case, only part of the negative 

voltage from V3 is taken, equal to -14 V, required for good focusing in the electron beam 

on state. The diodes D2 and D3 ensure that current flow is always in the appropriate 

direction, during the transition period between two states. Since all voltages are negative, 

the technical direction of the current flow is from W electrode to the voltage supplies V2 

and V3. The resistor R7 has the function to polarize the drains of the FETs. The resistance 

of R7 also have a significant influence on the shutter circuit performance, thus its optimal 

value is experimentally determined. 

The performance of the shutter circuit was evaluated in the PC program Circuit Maker, 

as well as by measuring the response on a digital oscilloscope. The results of the 

simulation are presented in Figure 4.43, while a real performance test is presented in 

Figure 4.44. Tests with the electron gun connected to the circuit showed minimal 

difference opposed to the unloaded circuit, although there is a visible difference between 

the simulation and the real circuit operation. The explanation of such difference lies in 

the simple resistive load used for the simulation, compared to a dynamic capacitive load 

of the operating electron gun in the real test. The rise time of the circuit was estimated 

from Figure 4.44 to around 100 µs, an input delay is in the order of 40 µs, while a fall 

time is ≈0.5 µs. A big difference between the rise and the fall time of the circuit is a 

consequence of discharging the parasitic capacitance of the FETs in the switching (FET) 

stage. Future developments of the circuit should be addressed at minimizing this delay by 

improving the circuit design with higher performance switching transistors, or even an 

optocoupler and a FET integrated into one package. Nonetheless, the results were more 

than enough for what was expected from the design and as required for the present 

experiment, given that optimal electron activation time was in the order of 500 ms. Figure 

4.45 presents the home-made power supply box used in the electron experiments. 

 

Figure 4.43 - Simulation of the shutter circuit in the program Circuit Maker, for 500 Hz 

square wave input signal, corresponding to 1 ms activation time. 
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Figure 4.44 - Digital oscilloscope measurement of the shutter circuit response (Output) for 

500 Hz square wave input signal (TTL input), corresponding to 1 ms activation time: (a) 

250 μs per (horizontal) grid unit and (b) zoom in, at 100 μs per grid unit. 

 

 

Figure 4.45 - Photograph of the electron gun power supply assembled for the present 

experiment. Electronic shutter circuit is integrated into the box. External high power supply 

for the cathode and high voltage supply which defines the electron energy are connected at 

the back side. 

 

4.6.5 Coupling the electron gun with LTQ XL mass spectrometer 

 

The differential turbo pumping vacuum stage was designed to couple the electron gun 

(described in Section 4.6.1) with the LTQ mass spectrometer. A 3D model of the vacuum 

stage with the electron gun is presented in Figure 4.46. It is based on a standard six-way 

CF100 cross, with a length of 220 mm. The electron gun is firmly fixed on an L-shaped 

Aluminum frame, mounted on a custom CF100 flange. The flange was modified to 
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accommodate two CF16 electrical feedthrough flanges mounted on its back side, for the 

electron gun connections. A reducer flange CF100-40 and CF40 flexible bellows, provide 

the final coupling and allow for a precise alignment of the electron gun with respect to 

the ion trap axis.  

 

Figure 4.46 - Cross section view of 3D model of differential turbo pumping vacuum stage 

assembly with the electron gun, based on a six-way CF100 cross. 

 

The remaining connections from the CF100 cross are used to fit a turbo pump, an ion 

pressure gauge and a glass window. The vacuum gauge is attached to the long flexible 

bellows and positioned approximately 1 m away from the vacuum assembly, in order to 

reduce the magnetic stray fields as much as possible. The present experimental setup is 

only equipped with the electrostatic shielding, while the magnetic shielding was not 

installed14. The vacuum stage design was focused on the alignment precision, as 

experience from the experiment with photons showed that it was important. Optimal 

alignment is crucial in order to obtain an efficient activation of trapped ions, which results 

in a high signal to noise ratio of the instrument. The practical realization of the vacuum 

assembly with the electron gun is presented in Figure 4.47. 

The entire vacuum assembly is mounted on a rigid support frame and coupled to the back 

Plexiglass window of the LTQ mass spectrometer. Figure 4.48 presents the 3D model of 

the experimental setup. The initial rough alignment of the electron gun was done by 

moving the vacuum stage relative to a fixed position of the LTQ mass spectrometer. The 

verification of the rough alignment was done with the laser pointer directed through the 

ion trap from the front side (right side of the ion trap in Figure 4.48). The LTQ mass 

spectrometer is installed on an adjustable supporting frame [9], with translational and 

rotational degrees of freedom. The precise final alignment of the electron gun axis with 

                                                           
14 Due to the space limitations and mechanical complexity, magnetic shielding with Mu-metal sheet foil 
was not possible to implement efficiently in the present flexible coupling design. 
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respect to the ion trap axis is achieved by fine tuning the position of the LTQ mass 

spectrometer frame, during ion activation measurements. 

 

  

Figure 4.47 - Differential turbo pumping vacuum stage assembly with the electron gun: (a) 

electron gun is mounted on a CF100 flange via L-shaped frame and (b) CF100 cross, fitted 

with the electron gun, a turbo pump and a glass window (a pressure gauge is attached via a 

flexible extension to the upper flange - not shown here). 

 

 

Figure 4.48 - 3D model of the coupling of the electron gun with LTQ XL mass 

spectrometer. 

 

The electrostatic shielding of the electron gun is achieved with an Aluminum tube shield, 

installed along the axis between the electron gun and the ion trap. The Aluminum shield 

also prevents charging of Teflon insulated wires installed temporarily for the purpose of 

testing the electron gun, as well as all other insulated parts in the ion trap vacuum chamber 

inside the LTQ. Details of the electron gun test measurements are given in the Section 

6.2.1. 
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4.6.6 Experimental procedure 

 

In this section, a description of the experimental procedure for the activation of trapped 

ions in the collisions with electrons is presented. Figure 4.49 displays the schematic of 

the experiment. The main instrument of the experimental setup is the LTQ mass 

spectrometer, equipped with an ESI source on the front side. The vacuum stage with the 

electron gun is coupled to the back side, allowing a direct injection of electrons into to 

the ion trap. 

The experiment is conducted in four steps: 1) ion production, 2) ion selection, 3) ion 

activation and 4) detection of fragments. The timeline of the experiment is presented in 

Figure 4.50. 

 

 

Figure 4.49 - Experimental method and schematic for synchronization of the LTQ mass 

spectrometer with the electron gun. 

 

 

Figure 4.50 - Timeline of the experiment: 1) ion production, 2) ion selection, 3) activation 

and 4) detection. 
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 (1) Solutions with biomolecular targets were prepared at desired concentration and 

injected into the ESI. By fine tuning of ESI parameters as well as solution properties, a 

wide range of precursor charge states of molecular ionic species can be produced. The 

generated ions pass through a long capillary that ensures pressure difference. The 

capillary is heated in order to remove excess water molecules. Guided by ion optics, 

comprised of octupole and quadrupole mass filters the electrosprayed ions are introduced 

into the ion trap from the front side (right side of the ion trap in Figure 4.49).  

(2) Desired precursor ions, with user specified mass-to-charge ratios, are selected and 

isolated in the ion trap. In the LTQ, the efficiency of the trapping is further increased by 

the presence of the buffer gas. In order to stabilize the trajectories of ions selected in the 

trap, Helium buffer gas at the pressure of 10-3 mbar was used.  

(3) Each time the number of trapped ions reach the storing capacity of the ion trap, a TTL 

pulse is triggered by the electronics of the LTQ mass spectrometer. In Figure 4.49, the 

output of this signal is symbolized with a “TTL out” box.  The amplitude of the pulse is 

5 V, while its duration is defined by the activation time, specified by the user. TTL signal 

is directed to the shutter circuit, which switches its output state to -14 V and enables the 

electron emission. Consequently, a focused electron beam of defined energy is formed, 

which activates the trapped ions. As soon as TTL signal goes back to low state (0 V), 

shutter circuit applies -50 V to W electrode, which in turn stops the electron beam.  

A delay generator (DG645, Stanford 150 Research Systems, Sunnyvale, CA, USA) is 

inserted between the TTL out and the shutter circuit. Its function is to introduce an 

acquisition delay between the end of ion activation and the start of the fragment detection. 

In that case, the activation time as defined in LTQ software has to be increased by the 

amount of the desired acquisition delay. The delay generator is set to output a new TTL 

signal on the rising edge of the first one. As a result, a background noise can be fairly 

reduced. 

(4) The low state of the TTL signal also initiates the start of the ion fragment detection. 

In the LTQ, a high-frequency pulse is applied to the ion trap ring electrodes, which ejects 

all ion fragments and action MS2 is recorded. Optionally, several successively obtained 

action MS2 for a single electron energy are averaged in order to increase statistics. 

The entire process can be repeated for a number of different electron energies, in small 

energy steps (typically 0.2 eV), obtaining many MS2 as a function of the electron energy.  
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5 Ion optic basics and simulations 
 

In the electron optics, the electric fields can be generated by applying electric potentials 

on specially designed electrodes. The electric potentials are applied to two adjacent 

electrodes, in order to form the electrostatic lenses. Depending on an application, the 

electrodes are created in a wide range of shapes. The electrodes with planar, cylindrical 

or spherical symmetry are the most common. The cylindrical electrodes are typically used 

to generate two-dimensional radial electric fields. Other shapes can also be manufactured, 

if the requirements for the electric field geometry are more complex, for example, for a 

three-dimensional ion trap. The electron lenses work by creating the electric field gradient 

that changes the trace of the charged particles. The charged particles can be accelerated, 

decelerated, or collimated in a focused ion beam. In the present work, the commercial 

program for simulation of ion optics SIMION [59] was used.  

 

5.1 SIMION 

 

First step in the simulation is to define a desired electron optics geometry and its electric 

potentials via a special programming code by creating a geometry file. The potentials on 

each electrode are defined by the user. In a process called “refining”, the program then 

solves the Laplace equation for the electric potential and calculates the electric field 

defined by the gradient of that potential using a method of finite differences. This process 

gives the solution for the electric field in an empty space between electrodes. After 

obtaining the electric field, desired charged particle initial conditions can be set and the 

program solves differential equations of motion. In the final step, the program displays 

particle trajectories. Additionally, a special LUA programming code can be used for 

recording the particle statistics and the definition of time-dependent potentials on the 

electrodes. 

 

5.2 Ion trap modeling 
 

The linear quadrupole ion trap from LTQ mass spectrometer was modeled in order to 

investigate the influences of RF electric fields on the transmission of electrons. A total 

length of the ion trap is 68 mm and it is composed of three axial sections. In order to save 

the computer resources, each section (see Figure 5.1b) is modeled separately. The front 

(1) and the back (3) sections are created in 3D, without the use of  symmetry. The center 

section (2) is defined by extending a two-dimensional profile in the axial direction. All 

sections are composed of four hyperbolic electrodes with a minimal radius of 4 mm (see 

Figure 5.1a). Two disk-shaped electrodes (the front and the back plate) with 2 mm 

apertures are also modeled in order to accurately simulate the ion trap. Figure 5.1c 

presents the isometric view of the modeled ion trap.  
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Figure 5.1 - 3D model of the ion trap from LTQ mass spectrometer from SIMION. 

 

Regarding the applied potentials, the ion trap electrodes are arranged in two pairs, one 

located on the vertical (Y pair) and the other located on the horizontal axis (X pair), as 

depicted in Figure 5.1a. Amplitude of the RF potential is A=400 V, with the frequency of 

1 MHz (ω/2π), while the amplitude of DC potential is B=100 V. The polarity of the 

applied potentials on the each pair of electrodes is given by the following relation: 

 

Bt)sin(A:X

BtsinA:Y




 (5.1) 

 

Above described configuration of the applied potentials enables only radial trapping of 

the charged particles, meaning that they can move freely in the axial direction and 

eventually exit the ion trap. In order to restrict the motion of the charged particles in the 

axial direction as well, DC potentials in the center section are lowered by 10 V, in relation 

to the DC potentials applied to the front and back section. It should be noted that the 

amplitudes of the RF and DC voltages in the actual ion trap depend on the m/z ratio of 

the selected ions. The amplitudes used in the simulation are the maximal values of these 

voltages, which are selected in order to estimate the highest perturbation of the electron 

beam. The main program (LUA code) through which the RF and DC fields are applied as 

well as the definitions of the electrode geometries (GEM files) are given in Appendix 8.2. 
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5.3 Pulsed electron beam transmission 
 

The influence of the RF and DC electric fields on the electron beam in the simulation are 

quantified by measuring the geometrical properties of the electron beam at the center of 

the ion trap (at 34 mm in the axial position). More specifically, for each electron crossing 

the plane perpendicular to the trap axis at the axial position of 34 mm, three variables 

were measured: x-coordinate, y-coordinate and the energy. 

The initial electron beam has a radius of 0.5 mm with a uniform spatial distribution of a 

total of 1.21x105 electrons per pulse, with initial velocities parallel to the ion trap axis. 

All electrons have the same initial energy of 300 eV. The electrons are generated with a 

Gaussian time distribution, where a standard deviation defines the electron beam pulse 

width.  In relation to the phase of the RF field, the center of the Gaussian distribution for 

each pulse width was always set to an optimal value, for which the highest transmission 

is obtained. Since the full period of the RF field is 1 µs, any pulse width above this value 

can practically be considered as the continuous beam.  

The space charge effects were not included in this part of the simulation. The electron-

He collision cross section decreases significantly above the energies of about 60 eV, as 

reported by J. Nickel et al [60]. Nevertheless, we investigated the influence of the He 

buffer gas to the propagation of 300 eV electron beam in the ion trap. 

We present the simulation results obtained after including the interaction between the 

electrons and the He atoms. The inclusion of the He buffer gas was done using the 

collision model (HS1) within the SIMION8.1 example programs, made by D. Manura 

[61]. The temperature of the He buffer gas was set to 300 K, at the pressure of 5.3x10-3 

mbar, whereas the total cross section for electron-He scattering was σ=5.56x10-21 m2 [60]. 

The obtained results were recorded for three electron beam pulse widths of: (i) 1µs, (ii) 

100 ns and (iii) 10 ns, as well as the case (iv) 1µs where the He buffer gas was included. 

Table 5.1 presents the recorded electron beam properties at the center of the trap. 

 

Table 5.1 - Electron transmission results in the ion trap. Tob is the time of the electron 

birth with respect to the phase of the RF field phase, while Tend is the transmission recorded 

at the end of the ion trap. 

Pulse width [ns] Tob [ns] Tend [%] 

1000 0.5 65 

1000 (He buffer) 0.5 62 

100 0.6 80 

10 0.65(5) 100 
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The electron beam propagation through the ion trap at three different pulse widths is 

presented in Figure 5.3. The electron beam spatial and energy distributions recorded at 

the center of the ion trap are presented in Figure 5.3. 

The case (i) with a pulse width of 1 µs practically represents the continuous electron beam. 

We can see that the electrons are highly scattered just at the entrance of the ion trap. 

However, a significant number of electrons of about 65% are able to pass through the 

entire length of the ion trap. The electron energy distribution presented in the right side 

of Figure 5.3(i) show that majority of electrons at the center of the ion trap still have the 

same initial energy of about 300 eV, although there is a visible broadening of the energy 

distribution of about ±2 eV. The spatial distribution of the electrons presented in the left 

side of Figure 5.3(i) show that majority of electrons are still within the initial radius of 

0.5 mm, whereas the rest is scattered on the electrodes. 

 

 

Figure 5.2 - Electron beam transmission in the ion trap: (i) 1 μs, (ii) 100 ns (iii) 10 ns and 

(iv) 1 μs with included He buffer gas at the pressure of 5x10-3 mbar and temperature 300 

K. The total electron-He cross section used for simulation was σ=5.56x10-21 [60]. 
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Figure 5.3 - Simulation of 300 eV pulsed electron beam in a linear quadrupole ion trap, for 

400 V RF and 100 V DC, for three different pulse widths of: (i) 1 μs, (ii) 100 ns (iii) 10 ns 

and (iv) 1 μs with included He buffer gas at the pressure of 5x10-3 mbar and temperature 

300 K. The total electron-He cross section used for simulation was σ=5.56x10-21 [60]. 

 

Decreasing the electron beam pulse widths to (ii) 100 ns and (iii) 10 ns leads to a 

significant transmission increase [see Figure 5.3(ii), (iii) and Table 5.1]. The electron 

transmission is increased to 80% and even up to 100% (for 10 ns). The influence of the 

RF electric fields on the spatial and energy distributions is almost negligible. The 

broadening of the electron energy distribution is about ±0.5 eV. In comparison with the 

real experiment, this broadening is practically in the order of initial energy distribution of 

the electrons produced in the thermo-electron emission from the heated cathode. 

However, it should be noted that for a very narrow pulse widths (10 ns) the 

synchronization with the RF fields is crucial. According to the simulation, deviation of 
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about ±25 ns from the optimal synchronization point with respect to the RF field phase 

can cause a total suppression of the electron beam (a transmission of 0 %). 

The electron beam transmission results obtained for the included He buffer gas at 1 µs 

pulse width (continuous beam) can be seen in Figure 5.2(iv) and Figure 5.3(iv). Spatial 

and energy distributions, as well as the transmission recorded at the end of the ion trap 

are very similar with the obtained simulation results without the He buffer gas. Although, 

we can see that a very small percentage of the electrons is randomly scattered. This is 

clearly visible in Figure 5.2(iv) in the region just in front of the ion trap, however, the 

scattering is also present in the space between the electrodes inside the ion trap. 

Qualitatively, we can say that 300 eV electron beam is not affected significantly by the 

presence of the buffer gas. The transmission at the end of the ion trap is slightly reduced 

- from 65 % to about 62 % due to the additional scattering on the He atoms. 

Present simulation findings clearly show the benefits of the lower pulse widths, although 

in the case of a pulse width of 1 µs (continuous beam), satisfactory results were also 

obtained, even with the He buffer gas. It should be noted that in the present experimental 

setup for electron activation of trapped ions (Section 4.6), due to the limitations imposed 

by the response of the shutter circuit, the absolute minimum of the obtainable pulse width 

is around 250 µs (see Figure 4.44). This is still over 100 times more of what is required 

in order to effectively achieve the pulsed electron beam, with respect to the ion trap RF 

period. Therefore, according to the simulation, we were not able to experimentally obtain 

the optimal electron transmission through the ion trap, since we practically used the 

continuous electron beam. The obtained experimental results for the electron-impact 

dissociation of biopolymers are presented in Section 6.2. 
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6 Results and discussion 
 

6.1 Photon experiments 

 

6.1.1 VUV photo-dissociation of peptides and hydrated nucleotides 

 

Leucine-Enkephalin (Leu-enk) monomer 

Peptides are polymeric chains composed of amino acids. They are very important for 

living organisms since they play an important roles in performing biological functions 

[62]. Their function is linked with their primary structure - amino acid sequence [63]. 

Any modifications or degradations of the primary structure of biopolymers by energetic 

photons (UV, VUV or X-rays) could potentially lead to a cellular death. These processes 

are called radiation damage. The investigation of the photo-induced processes in peptides, 

mainly with UV and VUV light are important for the understanding of both the radiation 

damage at the molecular level and the electronic structure of these species. With 

developments of synchrotron radiation sources, the action spectroscopy of building 

blocks of biomolecules has become a powerful experimental method capable of giving 

more insights into fundamental physicochemical properties of these species. This could 

hopefully help understanding the biological functions of large macromolecules that they 

form. 

In this section, our results of VUV action spectroscopy of protonated Leucine-Enkephalin 

(Leu-enk) peptide [64] are presented. Figure 6.1 shows a schematic structure of the Leu-

enk peptide, with the nomenclature of the most prominent ionic fragments. Leu-enk is a 

small peptide, consisted of five amino acids with the sequence: YGGFL (tyrosine-

glycine-glycine-phenylalanine-leucine). 

 

 

Figure 6.1 - The structure of the Leucine-Enkephaline peptide with its five amino acid 

constituents and imonium ions with mass-to-charge ratios of Y(136), F(120) and L(86). 
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Leu-Enk has been frequently investigated in the past using a vast number of mass 

spectrometry techniques. For example, by collision induced dissociation (CID) [65, 66], 

surface induced dissociation [67] (SID), black body infrared dissociation (BIRD) [68] 

and laser induced dissociation (LID) [69]. The experimental conditions and activation 

methods favor certain dissociation pathways dictated by particular fragmentation 

mechanisms. The fragmentation scheme of the protonated Leu-Enk was investigated by 

V. Rakov et al [66] in the experiment involving multiple resonance CID. The protonation 

site is usually located at Nitrogen in the tyrosine amino acid, although other protonation 

sites are reported due to the ion mobility ([70] and references therein). Recently, S. Bari 

et al [44] reported the VUV photo-induced dissociation of the protonated Leu-Enk by 

coupling SR photons with a 3D ion trap, where the ionization energy (IE) was estimated 

with DFT calculations to 8.87 eV. Their findings suggest that below IE the absorption of 

photons primarily lead to the cleavage of the peptide bonds, while above IE they could 

find a new dissociation pathways leading to a fast loss of a tyrosine side chain.  

In the present work, protonated Leu-Enk cations [M+H]+ (m/z 556) were isolated in the 

ion trap and subjected to VUV photons, with the energies in the range from 5.5 eV to 14 

eV, with a small energy step of 0.2 eV. Figure 6.2 presents the obtained action MS2 after 

photon impact at a few selected energies, below and above the IE.  

The absorption of VUV photons leads to electronic excitation of the precursor ions, 

followed by the dissociation (below IE) or dissociative ionization (above IE), resulting in 

the formation of different fragment ions. In the case of backbone fragments (cleavage of 

Cα-C or C-N bonds), depending on where the remaining charge (proton) stays upon bond 

scission, a standard nomenclature was proposed by K. Biemann [71]. If the charge stays 

at N-terminal fragments an, bn and cn, are formed.  The fragments xn, yn and zn are formed 

if the charge stays at C-terminal. The number in the subscript indicates the remaining 

amino acid residues in the particular fragment ion. The absorption of photons can also 

lead to detachment of neutral groups (for example amino acid residues) or scission of 

several bonds. 

Below the IE, in the action MS2 obtained for 6.7 eV (Figure 6.2a), the most prominent 

fragments correspond to the cleavage of the peptide backbone. Namely, ion fragments b 

and y originate from scission of C-N bond, while the cleavage of Cα-C bond results in the 

formation of ion fragments a. The backbone fragments are designated at mass-to-charge 

ratios b4 (m/z 425), a4 (m/z 397), b3 (m/z 278) and y2 (m/z 279). This fragmentation 

pattern is in a good agreement with the CID experiments [65], where backbone fragments 

are also dominant. Moreover, we could observe peaks corresponding to precursor loss of 

water molecule [M+H]+-H2O (m/z 538), the tyrosine side chain [M+H]+-107 (m/z 449) 

as well as loss of phenylalanine side chain [M+H]+-91 (m/z 465). Even though the 

fragments b3 and y2 have close m/z values, mass resolution in the present experiment was 

sufficient to resolve these peaks (see inset in Figure 6.2a). An internal fragmentation of 

the ion a4 leads to the formation of fragments a4-NH3 (m/z 380) and another loss of 

glycine a4-NH3-57 (m/z 323). With a loss of the tyrosine side chain, fragment b4 forms 

into b4-107 (m/z 318). Less abundant peaks correspond to internal fragments GGF (m/z 
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262) and GF (m/z 205), while neutral (carbon monoxide) loss from this fragment is the 

origin of ion assigned to GF-CO (m/z 177). 

 

 

Figure 6.2 - Photo-activation tandem mass spectra of leucine-enkephalin, after 500 ms 

irradiation of [Leu-Enk+H]+ precursor at: (a) 6.7 eV, (b) 8.4 eV and (c) 12.8 eV photon 

energies. The proposed assignments of the most important fragments are given in the figure 

while “M” denotes the pseudomolecular ion. 

 

As the photon energy increases towards the IE, in the MS2 obtained at 8.4 eV (Figure 

6.2b), we can observe quantitative changes the fragmentation pattern. More specifically, 

fragment b3 (m/z 278) becomes the most prominent, followed by b2 (221) and GF-CO 

(m/z 177), whereas the ions a4 (m/z 397) and b4 (m/z 425) are fairly decreased.  

Similar fragmentation patterns below the IE as in the CID experiments [65] suggests that 

the absorption of photon proceeds with the electronic excitations of protonated Leu-Enk 

precursor ions, followed by a fast internal conversion and/or intramolecular vibrational 

energy redistribution (IVR) to the vibrationally hot electronic ground state. The relaxation 

from these vibrationally excited states results in the dissociation of the Leu-enk precursor 

ions dominantly through backbone cleavage. 

Above the IE, in MS2 recorded for 12.8 eV (Figure 6.2c) we observe a rich fragmentation 

pattern in the low m/z region of 150-350. This is due to the opening of more relaxation 

channels which become available above IE. It should be noted that the photoionization of 
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the residual contaminants in the ion trap is the origin of many unassigned fragments. The 

peak at m/z 538 corresponding to water loss is increased by two-fold, as well as the ion 

fragment b3 (m/z 278). Mass-to-charge ratio of doubly ionized precursor ion [M+H]2+ is 

also 278, but the question remains if these ions indeed contribute to the mentioned peak. 

Indeed, the doubly ionized precursor ion is probably unstable and thus, its contribution to 

the peak at m/z 278 is very low, although further studies are required for a definite answer. 

Due to a high photon energy resolution, a high mass resolution, as well as a high signal 

to noise ratio, the present experimental setup gives the possibility to record the 

spectroscopic features and investigate the electronic structure of the protonated Leu-enk 

cations. The ion yields for several backbone and internal fragments are extracted from 

MS2, by integrating the area under the particular peaks and plotting it against the photon 

energy. The ion yields were normalized to both the photon flux and the total ion current, 

in order to compensate for their changes throughout the energy scan.   

Figure 6.3 presents the ion yields in the photon energy range of (5.7-13.8) eV, obtained 

for Leu-enk fragments corresponding to the backbone dissociation. The ion yields are 

characterized by a rich spectroscopic structure. 

 

 

Figure 6.3 - Normalized relative ion yields from the photodissociation of precursor [Leu-

Enk+H]+ in the range from 5.7 to 14 eV. Integrated mass ranges are: (a) b2 (m/z = 220.5-

221.5), (b) b3 (m/z = 277.5-278.5), (c) b4 (m/z = 424.5-425.5), (d) y3 (m/z = 335.5-336.5), 

(e) y2 (m/z = 278.5-279.5) and (f) a4 (m/z = 396.5-397.5). The absolute uncertainties of the 

experimental points are shown on the right bottom corner of each panel as Δ values. 

 

According to the previous studies [15], [72–75], the electronic structure of the peptide 

bond in small peptides (di- and tripeptides) can be approximated by a four energy level 

system: two occupied π orbitals (π1 and π2), the oxygen lone pair no and the virtual π3
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orbital. Orbitals π1, π2 and π3
* originate from the peptide bond and are bonding, non-

bonding and anti-bonding respectively. A comprehensive fragmentation study of 

Substance P peptide with VUV photons was reported by F. Canon et al [15]. Figure 6.4 

presents a schematic representation of the electronic structure of Substance P peptide [15]. 

 

 

Figure 6.4 - Energy diagram for Substance P peptide. Adopted from [15].  

 

The ion yields presented in Figure 6.3 (a) to (e), correspond to the fragments b2, b3, b4, y3 

and y2 respectively, which originate from the cleavage of the peptide C-N bond (peptide 

backbone fragments). All ion yields obtained for peptide backbone fragments show a 

distinctive spectroscopic band centered at about 6.9 eV. This spectroscopic band is 

associated with π2π3
* (NV1) transition, followed by a fast non-radiative deexcitation to the 

vibrationally hot electronic ground state. Most probably, C-N bond cleavage could then 

proceed from this hot ground state. A distinctive spectroscopic band centered at around 7 

eV in the ion yield for fragment a4 (Figure 6.3e) can be associated with the same 

transition, but with different fragmentation channel corresponding to the scission of Cα-

C bond. The ion yields for fragments b3 and y2 show the second band centered at about 

9.6 eV, which can be associated with transition π1π3
* (NV2). The scission C-N peptide 

bond can, in this case, proceed directly from the excited state π3
* [15]. 

The photo-dissociation yields for b ions (N-terminal fragments), presented in the first row 

of Figure 6.3, originate from the scission of the same C-N bond, but at different locations 

along the peptide chain. Therefore by comparing their ion yields we can investigate the 

differences in the VUV absorption efficiency along the peptide chain. Going from ion b2 

towards b4 (i.e. approaching to the C-terminus) the fragment mass increases. According 

to the present results, the low energy part of the photo-dissociation yields becomes more 

important. Particularly for ion b4 (Figure 6.3c), we can see that with lowering of the photon 
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energy, the ion yield increases, suggesting that the formation of b4 ion can also be 

associated with n0π3
* (W) transition, previously estimated at about 5.5 eV [15]. 

Since both b and y ion fragments are formed by the cleavage of the same C-N bond, ion 

pairs b2/y3 and b3/y2 should have similar photo-dissociation yields. This can be seen in 

Figure 6.3 by comparing the ion yields from the first and the second column. These pairs 

of fragments indeed have similar absorption efficiencies, although the lower energy part 

of the yield for y ions is actually more pronounced. The ion yield of the fragment b3 shows 

a strong increase above 11 eV, whereas the ion yield of the fragment y2 slowly decreases. 

It was already noted that b3 ion has the same m/z 278 as the doubly ionized precursor ion 

[M+H]2+, which should strongly increase above the IE. On the other hand, the doubly 

charged precursor is very unstable and might decay before the detection. Furthermore, 

the ion yield of b2 and b3 (N-terminal) fragments is higher in the whole photon energy 

range relative to the ion yields of y3 and y2 (C-terminal) fragments. This is in a good 

agreement with the finding that the preferential protonation site for the gas phase Leu-

enk is at the N-terminus [76]. 

The both b4 and a4 ions shown in the last column of Figure 6.3, are formed by the cleavage 

of the neighboring bonds C-N and Cα-C, respectively, with the charge left at N-terminus. 

Therefore, we can compare their photo-dissociation yields. In the low energy region both 

ion yields show distinctive spectroscopic band, suggesting that they are dominantly 

formed in dissociation process involved with the π2π3
* (NV1) transition. 

 

 

Figure 6.5 - Normalized relative ion yields from the photodissociation of precursor [Leu-

Enk+H]+ in the range from 5.9 to 14 eV. Integrated mass ranges are: (a) GF (m/z = 203.5-

204.5), (b) [M+H]+-H2O (m/z = 537.5-538.5) and (c) [M+H]+-tyrosine side chain (m/z = 

448.5-449.5). 

 

Figure 6.5 presents the photodissociation yields for fragments originating from cleavage 
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chain) from precursor ions. The fragment GF is formed mainly from y3 and a4 according 

to [67], suggesting that its photo-dissociation yield should be similar to yields of these 

fragments. It is indeed similar, although only in the lower energy region with the spectral 

band centered at around 7 eV (associated with transition NV1). Unlike for fragments y3 

and a4, which show a few spectroscopic features but mainly remain flat with the increase 
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of energy, ion yield of the fragment GF shows a strong increase as the photon energy 

passes the IE. The peak at m/z 538, corresponding to the water loss shows a similar 

increase of the photo-dissociation yield as the fragment b4 with the lowering of the photon 

energy, suggesting that its formation may also proceed from n0π3
* (W) transition. Formed 

by the cleavage of the C-N bond, the C-terminal fragment b4 is in close proximity to the 

carboxyl group. Therefore, based on the similarity in their photo-dissociation yields, it is 

possible that water molecule extraction site is also close to the carboxyl group [64]. In 

CID [65] and SID [67] experiments with protonated Leu-Enk, the peak corresponding to 

water loss was also observed as the strong relaxation channel. On the other hand fragment 

at m/z 449 corresponding to tyrosine side chain loss, show the spectroscopic bands 

centered at 6.9 eV and 9.8 eV. These two bands are in a good agreement with the observed 

spectroscopic bands obtained for the backbone fragments, associated with electronic 

transitions NV1 and NV2 respectively. The photo-dissociation yield of the fragment at m/z 

449 is similar to the obtained ion yields for b and y fragments, suggesting that its origin 

might also be from the peptide backbone cleavage. 

 

Leucine-Enkephalin (Leu-enk) dimer 

Leu-enk dimmer is composed of two non-covalently bound monomer units of the Leu-

enk peptide. In the present experiment, dimer precursor ions are produced by ESI from 

the same solution used to obtain Leu-enk monomer precursor ions. In this section, our 

results from the action spectroscopy of protonated Leucine-Enkephalin (Leu-enk) peptide 

dimer below the IE [77] are presented. 

The same consideration for fragment nomenclature given in the previous section also 

applies here (for a reference see Figure 6.1). Singly charged precursor ions [2Leu-Enk + 

H]+ are selected in the ion trap and subjected to VUV photons in the range of (5.7-8) eV 

with 0.2 eV steps. Figure 6.6 presents the action MS2 obtained for 6.7 eV photon energy. 

Besides the precursor ions [2M+H]+ designated at m/z 1111, we can clearly see that the 

most prominent dissociation channel corresponds to the cleavage of the weak non-

covalent bond between monomers, resulting in the formation of the protonated monomer 

unit [M+H]+ at m/z 556. If we take a closer look in the m/z regions below the monomer 

precursor Figure 6.6b, as well as in the region between the dimer and monomer precursors 

Figure 6.6c, we can observe a rich fragmentation pattern.  
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Figure 6.6 - Photo-activation tandem mass spectrum of leucine-enkephalin (Leu-Enk) 

peptide dimer recorded after irradiation of [2Leu-Enk+H]+ precursors at 6.7 eV photon 

energy. The lower panels (b), (c) show close up of the mass regions up to (m/z 650) (b) and 

down to (m/z 800) (c), respectively. The proposed assignments of the fragments are given 

in the figure, where notation “M” corresponds to monomer unit “Leu-Enk”.  

 

The action MS2 from Figure 6.6b show strong peaks corresponding to the backbone 

fragments a4 (m/z 397), b4 (m/z 425), y4 (m/z 278) and y3 (m/z 279). Their relative 

intensity distribution is in a good agreement with the action MS2 obtained for the 

monomer molecule at the same energy (Figure 6.2a). It should be noted that m/z 

resolution of the action MS2 for dimer molecule presented in Figure 6.6 is lower than in 

the case of MS2 for monomer molecule presented in Figure 6.2a, due to requirements of 

extended mass range imposed by the dimer precursor mass. A broad peak at m/z 380 is 

probably associated with the formation of C-terminal peptide backbone ion z4. Strong 

relaxation channels correspond to neutral losses from dimer precursor ions. Namely, 

water, carbon monoxide and carbon dioxide neutral losses are assigned to peaks at m/z 

538, 528 and 512 respectively. Designated at m/z 448 we also observe the peak 

corresponding to the tyrosine side chain loss. 

The photo-dissociation of dimer precursor below the IE leads to the formation of 

backbone fragments that are still bound to the monomer molecule (Figure 6.6c). More 

specifically, the fragmentation channels corresponding to the cleavage of the peptide 

backbone are assigned to peaks [M+a3] (m/z 805), [M+y2] (m/z 834),  [M+c3] (m/z 850),  

[M+y3] (m/z 891), [M+x3] (m/z 917), [M+y4] (m/z 948) , [M+a4+1] (m/z 953) and , 

[M+x4] (m/z 975). We can also observe many other peaks associated with the extensive 

neutral losses from the dimer precursor ion. Particularly the most dominant peaks 

correspond to the tyrosine side chain loss [2M+H]+-107 (m/z 1004) and phenylalanine 

side chain loss [2M+H]+-91 (m/z 1020).  
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Like in the previous section, the investigation of the energy dependencies (photo-

dissociation yields) of the selected fragment ions enables to reveal the electronic structure 

of the weakly bound dimer molecule, as well as its photostability towards VUV radiation. 

VUV photo-dissociation yields of the fragments originating from protonated Leu-enk 

dimmer precursor ion are presented in Figure 6.7 and Figure 6.8. 

 

 

Figure 6.7 - Photo-dissociation yields of: (a) [M+H]+ (m/z 556.1–556.4), (b) [M+H]+-H2O 

(m/z 538.08–538.38), (c) [M+H]+-CO2 (m/z 512.1–512.4), (d) [2M+H]+-91 (phenyl) (m/z 

1020.0–1020.3), (e) [2M+H]+-107 (tyrosine) (m/z 1003.98–1004.28) and (f) [2M+H]+-CO2 

(m/z 1066.0–1066.3) fragments. 

0

2

4

6

0.000

0.002

0.004

0.006

0.008

6.0 6.5 7.0 7.5 8.0

0.000

0.005

0.010

0.015

0.020

0.025

[M+H]
+

(556)

 

 

R
e

la
ti

v
e

 a
b

u
n

d
a

n
c

e
 (

%
)

(a)

[M+H]
+
-H

2
O

    (538)

 

 

 

(b)

[M+H]
+
-CO

2

     (512)

 

 

Photon energy (eV)

(c)

0.0

0.1

0.2

0.3

0.00

0.02

0.04

0.06

0.08

6.0 6.5 7.0 7.5 8.0

0.00

0.02

0.04

0.06

[2M+H]
+
-107 (tyr)

     (1004)

 

 

 

(d)[2M+H]
+
-91 (phe)

    (1020)

 

 

 

(e)

[2M+H]
+
-CO

2

     (1066)

 Photon energy (eV)

 R
e
la

ti
v
e
 a

b
u

n
d

a
n

c
e
 (

%
)

(f)



M. Lj. Ranković 

Institute of physics Belgrade | Results and discussion 70 

  

PhD Thesis 

 

Figure 6.8 - Photo-dissociation yields of: (a) a4 (m/z 397.05–397.35), (b) b4 (m/z 425.08–

425.38), (c) y4 (m/z 393.0–393.3), (d) y3 (m/z 336.0–336.3), (e) M+a4 (m/z 952.92– 

953.22), (f) M+a3 (m/z 805.05–805.35), (g) M+x4+1 (m/z 975.0–975.3) and (h) M+y4 (m/z 

948.0–948.3) fragments. 

 

The energy dependence of the fragment corresponding to the protonated monomer 

[M+H]+ (Figure 6.7a) reaches a maximum at around 7 eV revealing a clear spectroscopic 

band. If we take the same consideration as in the previous section, suggesting that the 

peptide bond in small peptides can be approximated with the system containing four 

energy levels [15], [72–75], then the observed band can be associated with the transition 

π2π3
* (NV1). A fast internal conversion to the hot ground state results in a dissociation of 

weak non-covalently bound dimer complex. The yields for fragments corresponding to 

H2O (Figure 6.7b) and CO2 (Figure 6.7c) neutral loss from the protonated monomer 

fragment, show an increase towards higher energies, suggesting that dissociation may 

also proceed with transition π1π3
* (NV2). The spectroscopic band at 6.7 eV (NV1 transition) 

seems to be more pronounced for fragments corresponding to the neutral amino acid 

losses, specifically tyrosine side chain loss (Figure 6.7e) and phenylalanine loss (Figure 

6.7d). All fragment yields presented in Figure 6.8, show distinctive spectral band centered 

at 6.7 eV. Below the IE, the photo-dissociation of the protonated dimer precursor upon 

resonant VUV photon absorption proceeds with the electronic excitation, followed by a 
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fast internal energy redistribution to the hot ground state and finally scission of the weak 

non-covalent bonds as well as the peptide backbone. 

Theoretical description of the protonated Leu-enk dimer has been performed by V. 

Cerovski [77] in order to put the experimental results into perspective. First, the 

geometries of conformers with the lowest energy are found as in [12] and optimized as 

suggested by [76] using the B3LYP/6-31+G(d,p) level of DFT. Previously calculated 

vertical ionization energy for this conformer was 9.31eV [12]. Figure 6.9 presents the 

lowest energy conformer for protonated dimer. 

 

 

Figure 6.9 - Geometry of the lowest-energy CF found, shown together with several frontier 

orbitals, as indicated in the figure. HOMO-2 (not shown) is localized on Phe(n) just as 

HOMO. LUMO+1 and LUMO+2 (not shown) occupy the same part of the molecule as 

LUMO. (n) and (p) next to the group name indicate whether the group belongs to the neutral 

or protonated monomer, respectively. 

 

The Leu-enk monomer units are bound by Hydrogen bonds indicated by dashed lines. 

The monomer molecule with the charge is labeled with (p), while the other neutral 

monomer molecule is labeled with (n). Four highest occupied molecular orbitals (HOMO) 

are localized around the aromatic groups (HOMO-2 is covered by the HOMO), while the 

lowest unoccupied molecular orbital (LUMO) is longitudinally spread across the peptide 

backbone. Two more orbitals LUMO+1 and LUMO+2 are also positioned across the 

peptide backbone, although with more density distributed towards tyrosine of the 

protonated precursor - Tyr(p) in Figure 6.9. Given the obtained electron densities the 

following transitions could be expected: 

 mLUMOnHOMO  , (6.1) 

   

where n=0, 1, 2, 3 and m=0, 1, 2. These transitions involve the charge transfer from the 

aromatic ring to the peptide backbone of the protonated monomer unit. Given the 

electronic stability of the aromatic ring, the charge transfer is weakening the peptide 

backbone of the protonated monomer due to the Coulomb repulsion. For this reason, the 
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protonated Leu-enk monomer in a dimer molecule is less stable in comparison with the 

neutral monomer. 

 

Adenosine 5-monophospate (AMP) 

DNA and RNA molecules strongly absorb UV light [78], making them sensitive to photo-

induced alterations. Therefore, a large number of studies has been reported on the photo-

physics of constituent molecules of DNA [79–82]. Particularly, in relevance to the present 

results S. Nielsen et al [83], investigated the fragmentation of protonated and 

deprotonated AMP molecule, induced by 266 nm photons.  

Moreover, in nature biomolecules are surrounded by an aqueous environment, which 

affects their properties and biological functions. With modern experimental techniques, 

it has become possible to investigate an influence of the solvation on the stability of bio-

molecules. Particularly, the effects of solvation at an extreme limit of only a few water 

molecules called micro- or nano-solvation can be investigated. Various studies have 

shown that nano-solvation with only one, two or three water molecules can strongly 

influence chemical reaction dynamics [84], the structure of peptides [85] or stability of a 

peptide dimer [12]. Dissociation of electrosprayed nanosolvated AMP nucleotides 

induced by high energy collisions with (Ne, Na) neutral atoms [86] and by electron 

capture [87], have also been studied. 

In this section, our results of VUV action spectroscopy of protonated bare and hydrated 

AMP nucleotide [88] are presented. Figure 6.10 presents the chemical structural formula 

of the AMP nucleotide, were Hydrogen nucleus on the right side indicates the protonated 

singly charged ion [AMP+H]+. 

   

 

Figure 6.10 - Schematic representation of protonated Adenosine monophosphate molecule. 
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Figure 6.11 - Tandem mass spectrum of protonated [AMP+H]+ and hydrated Adenosine 

monophosphate precursor ion [AMP+H2O+H]+, obtained for: (a,b) colission induced 

dissociation (CID); (c,d) VUV photo-induced dissociation at 4.75 eV and (e,f) VUV photo-

induced dissociation at 6.5 eV. 
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Both bare [AMP+H]+ (m/z 348) and hydrated [AMP+H2O+H]+ (m/z 366) AMP 

precursors were produced by nano-ESI and isolated in the ion trap. The selected 

precursors are subjected to UV photons from the DESIRS beamline. The action 

spectroscopy of the trapped precursors was performed by recording many action MS2 for 

energies in the interval from 4 eV to 12.5 eV with 0.2 eV steps.  

Figure 6.11a, b presents the action MS2 of bare and hydrated precursor respectively, 

obtained with the collision induced dissociation (CID). The action MS2 for bare and 

hydrated precursors irradiated at 4.75 eV, are presented in Figure 6.11c and d 

respectively. Action MS2 obtained for both precursors at a photon energy of 6.5 eV are 

presented in Figure 6.11e and f. 

In MS2 from Figure 6.11b, we can see that dominant CID channel for the hydrated 

precursor is a water molecule loss, resulting in the formation of a fragment designated at 

m/z 348. It should be noted that a significant contribution to the intensity of the peak at 

m/z 348 comes from a thermal evaporation of the hydrated precursor, during the trapping 

time. Indeed, this peak can be observed in MS2 with a relative intensity of around 0.15 %,  

even without any activation of the hydrated precursor. 

The absorption of a photon below the IE leads to the cleavage of the glycosidic C-N9 bond 

(see Figure 6.10). This bond scission results in a formation of a fragment at m/z 136, 

corresponding to protonated adenine base [A+H]+, visible in both MS2 in Figure 6.11c, e. 

Qualitatively good agreement is obtained with recent studies of protonated AMP, at 266 

nm (≈4.7 eV) [89] and 260 nm (≈4.8 eV) [90]. Still, there are some differences compared 

with the fragmentation pattern reported by S. Pedersen et al [90]. More specifically, we 

observe lower abundances of the fragment at m/z 250 corresponding to the phosphate 

group loss. This difference can be attributed due to a longer fragmentation times of up to 

500 ms in the present experiment, in relation to the sector based instruments. The increase 

of the activation energy to 6.5 eV leads to an increase of the protonated adenine peak at 

m/z 136. 

The observed UV photo-induced fragmentation of the protonated precursor in the present 

experiment is fundamentally different from studies reported for a deprotonated anion 

[AMP-H]-  [89, 91]. In those studies, a very rich fragmentation pattern was observed by 

S. Nielsen et al [91]. They have proposed the following fragmentation mechanism: the 

photon absorption leads to an electronic excitation into π* state, accompanied by fast 

internal conversion to vibrationally excited electronic ground state, which finally decays 

through many fragmentation channels [80]. However, the lack of fragmentation channels 

in the present experiment indicates that the protonated cation [AMP+H]+ probably 

undergoes a photo-dissociation through the cleavage of the glycosidic bond, via fast 

fragmentation channel directly from the excited π* state. 

In MS2 from Figure 6.11d and f obtained for the hydrated precursor, we observe a 

significant (3-4 time fold) decrease in relative intensity of the peak at m/z 136, 

corresponding to protonated adenine base [A+H]+. Also, one more additional fragment 

appears at m/z 154, which corresponds to the protonated adenine base bound to one water 
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molecule [A+H2O+H]+. Furthermore, CID of hydrated precursor (Figure 6.11b) results in 

an intensive water molecule loss (peak at m/z 348), compared to UV photo-induced 

dissociation (Figure 6.11d and f). These observations demonstrate the effects of 

nanosolvation with only one water molecule. 

Theoretical calculations were performed by V. Cerovski for bare and hydrated AMP 

precursors in order to give more insights into the present experimental results. The 

geometries of conformers (CFs) with lowest energies were found by using the genetic 

algorithm approach with classical force field geometry optimization. DFT optimizations 

were then performed at M06-2X/6-311G(d,p) level [92], [93], where 50 lowest energy 

CFs were considered. Figure 6.12 presents the geometries of lowest energy CFs, CF1 for 

bare protonated precursor and two conformers CF1’, CF2’ for protonated hydrated 

precursor. All these three CFs have their HOMO and LUMO located on the adenine base, 

with a very small part of the electronic density spread across the rest of the cation. Two 

CFs are presented for the hydrated precursor, in order to point out two qualitatively 

different water hydrogen bondings: (1) to the phosphate group away from the adenine 

base (CF1’) and (2) by forming a bridge between the phosphate group and the adenine 

base (CF2’). Therefore, upon UV photon absorption and scission of glycosidic bond, two 

main fragments are expected: bare protonated adenine base from CF1’ and hydrated 

protonated adenine base from CF2’, as confirmed by the present experimental findings 

(see Figure 6.11d and f). The calculated vertical ionization energies (VIEs) for CF1, CF1’ 

and CF2’ are 12.53 eV, 12.48 eV and 12.12 eV respectively. Binding energies of water 

hydrogen bonds for CF1’ and CF2’ are 69 kJ/mol and 69.5 kJ/mol respectively (≈0.72 

eV). 

 

 

Figure 6.12 - Lowest energy conformers structure found for [AMP+H]+ (CF1) and [AMP 

+ H2O+H]+ (CF1′, CF2′) at M06-2X/6- 311G(d,p) level of DFT. The protonated AMP 

(CF1) has the protonation site located at N3 atom. 
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Figure 6.13 - Photodissociation yields of protonated adenine base [A+H]+ (circles) and 

[d−H]+ (diamonds) fragments from the bare protonated precursor [AMP+H]+: (a) yield of 

[A+H]+ (up triangles) from bare precursor; (b)  yield of [A+H2O+H]+ (down triangles) from 

the hydrated precursor; (c) yield of [AMP+H]+ fragment from hydrated precursor, 

corresponding to the loss of a single water. The dashed line marks the average water loss 

upon thermal evaporation from the ion precursor, without photon irradiation; (d) time-

dependent B3LYP/6-31+G(d,p) calculated absorption spectra of conformers from Figure 

6.12. Curves are obtained from the sticks by a 0.1 eV Gaussian convolution of the 

calculated transitions, providing a visual representation (the curve for CF1 is plotted as a 

full line, normalized to experiment at 4.75 eV). 

 



M. Lj. Ranković 

Institute of physics Belgrade | Results and discussion 77 

  

PhD Thesis 

The energy yields for fragments from bare precursors [AMP+H]+ are presented in Figure 

6.13a. The energy yield of protonated adenine base fragment, for bare precursor (circles 

in Figure 6.13a), shows distinctive resonant spectroscopic features, associated with 

absorption bands. One band is centered at about 4.75 eV (≈260 nm), which originates 

from the adenine base and is well known ππ* transition [78] also found in laser-based 

experiments. The observed spectral band is in a very good agreement with the absorption 

band of the protonated adenine base found at 4.7 eV by Pedersen et al [90]. We can also 

observe a second absorption band centered at about 6.5 eV, which is a dominant 

photodissociation channel for the bare precursor. Benchmark calculations reported by P. 

Szalay et al [94], using coupled-cluster methods to find oscillator strengths for adenine 

base, revealed transitions 3ππ* (6.5 eV) and  4ππ* (6.88 eV). The present experimental 

results are in a very good agreement with our theoretical absorption spectrum (Figure 

6.13d), calculated by using the time-dependent density functional theory (TD-DFT), with 

B3LYP/6-31+G(d,p) basis set. The theoretical absorption spectrum is approximated by 

Gaussian convolution with 0.1 eV standard deviation, of calculated transition 

probabilities (oscillator strengths). 

The fragmentation patterns of protonated AMP were reported by A. Bagag et al ([95] and 

references therein). The process requiring multiple bond cleavages is the mechanism of 

formation of the fragments [d-H]+ (m/z 164) and [c-H]+ (m/z 178), in MS2 from Figure 

6.11e. Therefore, the yield of the fragment [d-H]+ starts increasing only at higher energies 

(diamonds in Figure 6.13a). It should be noted that in the present experiment conducted at 

room temperature, we do not have any control over the conformer formation and 

distributions. Also, the energies higher than the IE (resulting in a higher density and 

number of states) were not included in the TD-DFT calculation. 

Figure 6.13b presents the energy yields of fragments originating from the hydrated 

precursor [AMP+H2O+H]+. The energy yields of fragments corresponding to protonated 

adenine base (stars) and the protonated adenine base bound with one water molecule (up 

triangles), also show the spectral features associated with ππ* transition after photon 

absorption. The theoretical absorption spectrum of the protonated hydrated precursor 

presented in Figure 6.13d, for CF1’ (dashed line) is also in good agreement with the 

measured yield. However, we observe a significant reduction of the peak intensity for the 

fragment [A+H]+ (Figure 6.11b). It should be noted that B. Liu et al [86] observed that 

the protection effects of nanosolvation for deprotonated adenine base upon collisions with 

sodium atoms starts for 10 added water molecules, while a significant dissociation 

reductions were observed above 13 added water molecules. In the electron capture 

dissociation (ECD) experiments the fragmentation was even increased with the addition 

of water molecules [87]. 

From the present findings, the photo-induced dissociation mechanisms of protonated bare 

and hydrated AMP nucleotide can be summarized as follows. The CID occurs on the 

ground electronic state, after statistical redistribution of the absorbed energy over the 

vibrational modes. UV photoexcitation can result in statistical and non-statistical 

fragmentation: (a) [AMP-H]- undergoes fast internal conversion to a vibrationally hot 



M. Lj. Ranković 

Institute of physics Belgrade | Results and discussion 78 

  

PhD Thesis 

electronic ground state, followed by a thermal (statistical) fragmentation [80]; (b) 

[AMP+H]+ dissociates directly from excited electronic state (according to present 

findings and [89], [90]) and (c) [AMP+H2O+H]+, as we propose, also dissociates from 

the excited electronic states faster than intramolecular vibrational energy redistribution. 

 

6.1.2 K-shell excitation and ionization of Ubiquitin protein 

 

Proteins play a very important role in vital biological functions of living organisms. The 

folding - an arrangement of their constituent polypeptide chains in the three-dimensional 

space, is closely correlated with actual functions that they perform in the living organisms 

[96]. With the advancements and technological developments of the experimental 

techniques, an increasing number of studies of protein structures is reported [97]. An 

already established experimental technique for probing the spectral properties of a wide 

range of samples including biomolecules is near-edge X-ray absorption fine structure 

(NEXAFS) spectroscopy [98]. At first, NEXAFS was dedicated to probing samples (with 

low-Z numbers) prepared as thin films, in order to resolve the structure of molecules 

bound to surfaces. Recently, Y. Zubavichus and coworkers [99], reported a study where 

they probed the amino acids and proteins prepared as thin films with soft X-ray photons. 

In this method, incident SR X-ray photons excite core electrons, usually the ones closest 

to the nucleus (K-shell), into higher molecular orbitals. If the photon energy is high 

enough (above K-shell IE), direct transitions into the ionization continuum is also 

possible. It should be noted that transitions of core electrons into particular molecular 

excited states prefer certain photon polarizations. Since the polarization of SR produced 

in modern third generation synchrotrons is completely tunable, NEXAFS technique can 

be also highly selective. The sensitivity of the technique is also high, provided by the 

unmatched brilliance of the SR compared to any other X-ray source. An important aspect 

of the technique is that the incident photon energies are in the range from just slightly 

below up to 30 eV or so, above the ionization threshold of the molecular target. In this 

energy range, near-edge X-ray absorption fine structure is characterized by strong and 

distinctive features, similar to shape resonances [100]. Close inspection of such 

resonances reveals the electron structure of the target molecules. 

With the advent of ESI technique it has become possible to isolate large biomolecular 

targets such as proteins in the gas phase. By subjecting the trapped biomolecular ions to 

soft X-ray photons with subsequent acquisition of action tandem mass spectra over near-

edge energies, we can perform the action NEXAFS. A. Milosavljević et al [18] recently 

performed action NEXAFS of the Cytochrome C protein. Our results from the action 

NEXAFS study involving Ubiquitin protein [101] are presented in this Section. 

By means of electrospray ionization, we produced the precursor ions of the Ubiquitin 

protein with charge states from +4 to +11, which were subjected to X-ray photons in the 

range of (282-304) eV for C-edge and (394-414) eV for N-edge. 
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In order to reveal the relaxation processes undergoing in a protein after soft X-ray photon 

absorption, Auger decay process has to be closely inspected below and above the inner-

shell IE. Figure 4.1 presents the scheme for K-shell excitation/ionization of a protein 

followed by an Auger decay. 

  

 

Figure 6.14 - Schematic representation of the K-shell excitation/ionization of a protein, 

followed by an Auger decay. Adopted from [101]. 

 

Below the IE, resonant absorption of a soft X-ray photon leads to excitation of the core 

electron from K-shell into an unoccupied, bonding molecular orbitals, forming a core 

hole. A valence electron fills the core hole in the order of femtoseconds and the system 

relaxes with an ejection of an electron. The process is called the resonant Auger decay 

[102]. It is possible that multiple valence electrons are ejected owing to a multiple Auger 

Decay [103]. However, the single ionization of the precursor ion is the most probable 

relaxation channel. In general, for n-time multiply charged protein precursor, resulting 

relaxation channels are represented by relation (6.2) [101]: 

  ke]nHM[h]nHM[ )kn(n , where ,...2,1k   (6.2) 

  

Above the K-shell IE, a core electron is directly ejected into the ionization continuum 

creating a core hole, which triggers the normal Auger decay. In this process, the double 

or multiply ionized precursor ion is created. Relation (6.3) [101] describes the resulting 

process: 

  e)1k(]nHM[h]nHM[ )k1n(n , where ,...2,1k   (6.3) 
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MS2 obtained at a photon energy of 288.2 eV, for 5+ precursor charge state of the 

Ubiquitin protein is presented in Figure 6.15. The spectrum was normalized to the 

intensity of precursor ion [M+5H]5+ designated at m/z 1714. Dominant relaxation 

channels correspond to single (SI), double (DI) and tipple ionization (TI) of the precursor 

ions. They appear in the spectrum at mass-to-charge ratios of 1428, 1224 and 1071 

respectively. It could also be seen that peaks corresponding to ionization are followed by 

clearly resolved low-mass neutral losses. All these relaxation channels are a consequence 

of the resonant Carbon (1s→π*
amide) X-ray photon absorption.  

 

 

Figure 6.15 - Tandem ESI/photoionization mass spectrum of Ubiquitin protein, 5+ charge 

state precursor, obtained after photon impact at 288.2 eV. Adopted from [101]. 

 

The action K-shell NEXAFS around C-edge and N-edge energies of Ubiquitin protein 

was obtained by acquiring many action MS2 around 300 eV and 400 eV photon energy 

regions respectively, with 0.2 eV energy steps. The ion yields for SI, DI and TI of 

Ubiquitin 5+ precursor [M+5H]5+, were extracted from these MS2 by integrating the area 

under the corresponding peaks, normalizing to the total ion current and the photon flux 

and finally by plotting against the photon energies. Figure 6.16 presents the obtained 

photoionization yields. 

 

 

Figure 6.16 - K-shell photoionization energy yields of the Ubiquitin protein, 5+ charge 

state precursor: (a) C-edge and (b) N-edge.  Peaks are integrated over the range Δm/z=±1 

around, SI - single ionization [M+5H]•6+ (m/z 1428), DI - double ionization [M+5H]•7+ (m/z 

1224) and TI - triple ionization [M+5H]•8+ (m/z 1071). Adopted from [101]. 
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Prominent spectroscopic features (bands) are visible for SI yields in Figure 6.16. The 

clearly resolved bands are marked with letters A, B and D. Bands A and B are associated 

with excitations of Carbon core electron 1s, into molecular orbitals corresponding to π*
C=C 

(aromatic) at 285.3 eV and π*
C-N (amide) at 288.2 eV, respectively. The excitation of 

Nitrogen 1s electron into molecular orbital corresponding to peptide bond π*
C-N (amide) 

at 401.2 eV is associated with band D. Bands C and E originates from an overlap of many 

transition contributions mainly associated with σ* resonances [18]. 

DI yields from Figure 6.16, show an increase at around 294 eV (C-edge) and 409 eV (N-

edge) as a result of the opening of the direct double ionization channel. Since the yields 

are not background subtracted it should be noted that DI can still dominantly occur even 

below the IE thresholds due to multiple resonant Auger decay, initiated by resonant 

Carbon (or Nitrogen) core 1s electron excitation into bonding molecular orbitals. Looking 

at relation (6.2), if we take k=2 (for double Auger decay) and n=5 (5+ charge state), it 

would yield [M+5H]•7+ with m/z 1224 - corresponding to DI peak. Considering the C-

edge, both SI (from resonant Auger decay) and DI yields (from resonant double Auger 

decay) below the IE, are dominantly triggered by the same process C 1s→π*
amide. 

Therefore, their shapes in this energy region should in principle be similar, which indeed 

is the case (see Figure 6.17).  

 

 

Figure 6.17 - Normalized single (SI, [M+5H]6+, m/z 1427−1429) and double (DI, 

[M+5H]7+, m/z 1223−1225) C K-edge photoionization yields of the 5+ charge state 

precursor [M+5H]5+ of ubiquitin protein. Circles represent a difference DI − 0.15 × SI, 

resulting in normal Auger decay contribution of DI yields fitted to a linear threshold model 

(line). Adopted from [101]. 

 

In order to remove the multiple Auger contribution in DI yield, we performed the 

following procedure. By downscaling the SI with a factor of 0.15 and fitting the difference 

Δ=DI-0.15*SI with a linear threshold, we obtain the appearance energy (threshold) for 

DI. The obtained threshold curve (thick red line in Figure 6.17) now represents the 

contribution to direct K-shell ionization, which is possible only above IE. With this 

procedure we obtained the IE of 5+ charge state of Ubiquitin protein at (294.3±0.2) eV.  
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6.2 Electron experiments 

 

6.2.1 Test measurements 

 

Testing of the experimental setup is performed in two steps. The first step involves tuning 

the electrode voltages to optimal values and the characterization of the electron beam in 

the continuous mode. In the second step, the trapped ions are subjected to the pulsed beam 

of electrons of a defined energy during an optimal irradiation time, which has been 

defined previously.  

In order to perform the optimization of the electrode voltages in the electron gun, the ion 

trap in the LTQ was temporarily modified, to allow for the electron current measurements. 

The electrical setup for the current measurement is presented in Figure 6.18. During the 

current measurements, all ion optics lenses including the ion trap and the detectors were 

turned off. Only the internal turbo pump has to be switched on. 

The ion trap in the LTQ is equipped with two end disc plates, which appeared convenient 

for current measurement. The size of the aperture on both plates is 2 mm. This aperture 

was used for the beam profile measurement. The original wires in LTQ which supply the 

voltage to the front and back disc plates were disconnected from the ion trap. Two Teflon 

insulated Copper wires are connected instead, one on each plate of the ion trap. The front 

plate of the ion trap is grounded. The back plate is closed with the Aluminum foil, 

connected to the pico-ampere meter and polarized to +24 V relative to the ground, as 

depicted in Figure 6.18. The distance between the last electrode of the electron gun and 

the front plate of the ion trap is approximately 110 mm. The back plate is positioned at 

65 mm from the front plate. Therefore, the final distance from the electron gun to the 

current measuring point was around15 175 mm. 

                                                           
15 This distance is a close estimation, since flexible bellows position is changed during optimal alignment. 
Also, it can contract slightly once the pressure inside the vacuum manifold reaches ultra-high vacuum. For 
this reason, a final distance is estimated with uncertainty of up to 5 mm. 
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Figure 6.18 - An electrical scheme for the current measurement: 1) electron gun, 2) LTQ 

front plate - grounded, 3) LTQ back plate - connected to the pico-ampere meter, 4) ion trap, 

5) ion detectors and 6) aluminum foil attached to back plate. 

 

By measuring the continuous electron current on the back plate of the ion trap, optimal 

adjustment of the electrode voltages and characterization of the geometrical properties of 

the electron beam inside the ion trap was done. The results of the measurements are 

presented in Figure 6.19. The smallest spot size of the electron beam (or optimal focusing) 

on the back plate of the ion trap is indicated by the maximal back plate current reading. 

Optimal focusing, for a given electron energy is achieved by adjusting the voltage on the 

electrode V in the electron gun (for reference see Figure 4.34 or Figure 4.39). The back 

plate currents measured for different electron energies are presented in Figure 6.19a. 

 

 

Figure 6.19 - Electron current measured at the back plate of the ion trap: a) plot of the back 

plate current versus the electron energy and b) electron beam profile. Simulated profile in 

SIMION is obtained for the beam width of 1.1 mm and pencil angle of 0.3 degrees and is 

in a good agreement with the measured profile. 

 

The back plate current does not change significantly within the energy span of almost 100 

eV. In particular, we were interested in a small energy range around 300 eV, 

corresponding to C K-shell edge. The mentioned energy range of (280-300) eV is 
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indicated by the dashed lines in Figure 6.19a. The current in this part of the energy range 

is practically constant around the value of 1.8 μA. Therefore, a normalization of the ion 

fragment intensities in the marked energy range was not necessary. 

The electron beam profile is obtained by moving the LTQ mass spectrometer sideways 

relative to the vacuum assembly. The recorded profile for the electron energy of 300 eV 

is presented in Figure 6.19b. Due to the limitation in the maximal sideway extension of 

the flexible bellows, the measured profile is not fully completed. A programing code is 

written in PC program SIMION, in order to simulate the geometrical properties of the 

electron beam. The code is presented in Appendix 8.1. A good agreement with the 

measured beam profile is obtained for a simulated electron beam width of 1.1 mm and a 

pencil angle (divergence) of 0.3 degrees. According to the simulation, the electron beam 

width at the front plate of the ion trap is ≈2 mm. The obtained beam profile is very similar 

to the measured beam profiles for the same electron gun in the experimental setup UGRA 

from Belgrade. This was expected since no external electric fields from the ion trap are 

present during the electron current measurements. After the initial testing of the electron 

gun in the continuous mode, all original electrode connections of the ion trap were 

reverted back to its previous state.  

The trapped molecular ions are activated in collisions with electrons, during the activation 

time. Part of the electron energy is absorbed by a molecular ion, which leads to the 

fragmentation and ionization. An important question is for how long activation time 

should last, before reaching a saturation of the signal intensity or even a detector 

damage?16. To establish optimal activation time under present experimental conditions, 

trapped molecular ions were probed with different electron beam pulse widths. 

Prior to the ion activation, tests with lowered detector multiplier voltages were performed, 

in order to find their safe operating values. The beam of electrons was introduced in an 

empty ion trap, without selecting any ions. The detection and the mass spectrum 

acquisition was turned on, but with zero electron multiplier voltages on both detectors. 

For safety reasons, we decided to use only one detector. The electron multiplier voltages 

were gradually increased until normal values were reached, while constantly checking the 

mass spectrum. Since no abnormalities were present in the mass spectrum, typical 

working multiplier voltage of -1234 V (for positive ion mode) was set on the first detector, 

while the other one was kept at 0 V. 

Precursor ions of Ubiquitin protein with charge state 7+ were produced by ESI and 

isolated in the ion trap. The trapped ions were subjected to short bursts of 300 eV electrons 

during a specified activation time (defined by the pulse width). An averaged tandem mass 

spectrum was recorded during 3 min for every pulse width. By this procedure, the MS2 

were obtained for pulse widths of: 2, 5, 10, 20, 50, 100, 200, 500 and 1000 ms. The MS2 

acquisition delay for each pulse width is presented in Table 6.1. The intensities of several 

selected ion fragments of the interest were extracted and plotted against pulse widths in 

                                                           
16 See Section 4.3, for description of the LTQ mass spectrometer detection system. 
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Figure 6.20. An example of one of the action MS2 obtained for 500 ms pulse width, is 

presented in Figure 6.21. 

 

 

Figure 6.20 - Ion signal versus pulse width, measured for Ubiquitin 7+ precursor: a) peak 

at m/z 1071 corresponding to the single ionization of the parent ion and b) fragments 

originating from the electron background noise. 

 

Table 6.1 - Acquisition parameters for the obtained MS2 for Ubiquitin protein. 

Pulse width [ms] 2 5 10 20 50 100 200 500 1000 

Act. time [ms] 30 30 30 100 100 200 400 1000 2000 

Acq. delay [ms] 28 25 20 80 50 100 200 500 1000 

 

 

Figure 6.21 - Tandem mass spectrum recorded for Ubiquitin protein, precursor charge 

state 7+, for the electron energy of 300 eV and the pulse width of 500 ms. The spectrum 

was not background subtracted and contains both ion fragments and the noise signal. 

 

The ion fragment designated at m/z 1071 in Figure 6.21 corresponds to the single 
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obtained for different pulse widths are presented in Figure 6.20a. The peaks in the low 

mass region in Figure 6.21 with mass-to-charge ratios 553, 479, 417, 387, 357 do not 
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in relation to the pulse widths are presented in Figure 6.20b. They can be observed in the 

MS2 even when no ions were isolated in the ion trap, thus we consider them as the noise 

signal. Both the ion fragments and the  background start increasing for pulse widths higher 

than 10 ms, although the background is always slightly higher. Maximum of the intensity 

for ion fragment m/z 1071 is at 500 ms, while background continue to increase even 

further with increasing the pulse width. Therefore, based on the fragment intensity values 

presented in Figure 6.20, 500 ms is selected as optimal activation time (electron beam 

pulse width) for Ubiquitin protein. 

 

6.2.2 MS2 examples - Ubiquitin, Substance P and Melittin 

 

Several large bio-molecular targets were introduced into the gas phase and activated in 

collisions with soft X-Ray energy electrons. In order to demonstrate the effectiveness of 

the electron activation method, MS2 are presented for protein Ubiquitin,  peptides 

Substance P and Melittin. 

It should be noted that peaks with relatively high intensities appear in the low mass region 

in every MS2. Their origin is not from the trapped precursor ions and they are regarded 

as the background noise. The most probable cause of the background could be the 

ionization of residual impurities on the ion trap electrode surface, as well as from 

ionization of neutral species produced by ESI. Another possibility could be the direct 

detection of reflected electrons by electron multipliers in the detectors. Increasing the 

acquisition delay reduces the background, but with an expense of a decrease in ion 

fragment intensities. Therefore, depending on the abundance of the produced precursor 

ions, both the electron beam pulse width and the acquisition delay have to be optimized. 

For the purpose of the background noise subtraction, MS2 for each molecular target was 

recorded three times: a) electrons and ions, b) electrons only and c) ions only. The final 

MS2 presented below were obtained by (b) from (a). Additionally, MS2 obtained with 

electrons only is presented for each target, to reflect the slight change of the experimental 

conditions (regarding the neutral species content). 

Ubiquitin, [M+7H]7+ 

Ubiquitin is a small protein composed of 76 amino acids, which exists in almost all 

eukaryotic cells and has a molecular weight of 8565 g/mol.  

The precursor ions with charge state 7+ from Ubiquitin protein, were selected in the ion 

trap and subjected to the electron impact at 288 eV electron energy. Figure 6.22 presents 

the MS2 recorded without any ions produced, whereas Figure 6.23 presents the 

background subtracted MS2 obtained for 288 eV electron energy. 

The tandem mass spectrum presented in Figure 6.22 contains strong peaks designated at 

mass-to-charge ratios 360, 387, 401, 417, 479, 491, 553 and 873. The MS2 is recorded 

for the electron energy of 288 eV, for 500 ms pulse width, 200 ms acquisition delay and 

is normalized to the intensity of the strongest peak at m/z 479. The mentioned peaks that 
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dominate the spectrum, along with all other visible peaks, represent the noise signal since 

there are no trapped precursor ions. Without a precise knowledge of the residual content 

in the ion trap, it is not possible to assign these peaks. Therefore, so far, their assignment 

remains unknown. 

 

Figure 6.22 - Mass spectrum recorded with no isolated ions, for electron impact energy of 

288 eV, 500 ms pulse width and 200 ms acquisition delay, acquired during 3 min.  

 

 

Figure 6.23 - Tandem mass spectrum recorded for 288 eV electron impact with protein 

Ubiquitin, 7+ charge state precursor. Electron beam pulse width is 500 ms, with acquisition 

delay of 200 ms, acquired during 3 min. 

 

MS2 presented in Figure 6.23 was acquired during 3 min, it is background subtracted and 

normalized to the intensity of the precursor ions designated at m/z 1225. Distinctive peaks 

are observed at mass-to-charge ratios 1071 and 952. They correspond to the single and 

double K-shell ionization of the precursor ions, respectively. More details are given in 

the Section 6.2.3. 

Substance P, [M+H]+ 

Consisted of 11 amino acids, Substance P is a neuropeptide with a molecular weight of 

1347 g/mol. It acts as a neurotransmitter and neuromoderator. A comprehensive review 

of the Substance P was reported by S. Harrison at al [104]. 
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The singly charged precursor ions of Substance P peptide are selected in the ion trap and 

subjected to electron impact at two energies. Figure 6.24 presents the MS2 obtained with 

no ions selected, for 293 eV electron energy. Background subtracted MS2 obtained for 

electron energies of 288 eV and 293 eV, are presented in Figure 6.25 and Figure 6.26 

respectively. 

 

 

Figure 6.24 - Mass spectrum recorded with no isolated ions, for electron impact energy of 

293 eV, 900 ms pulse width and 100 ms acquisition delay, acquired during 3 min. 

 

 

Figure 6.25 - Tandem mass spectrum recorded for 288 eV electron impact with peptide 

Substance P, singly charged precursor. Electron beam pulse width is 900 ms, with 

acquisition delay of 100 ms, acquired during 15 min. 
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Figure 6.26 - Tandem mass spectrum recorded for 293 eV electron impact with peptide 

Substance P, singly charged precursor. Electron beam pulse width is 900 ms, with 

acquisition delay of 100 ms, acquired during 15 min. 

 

Compared with the MS2 presented in Figure 6.22, the same peaks corresponding to the 

noise signal dominate the lower mass region of the MS in Figure 6.24. A distribution of 

peak intensities is slightly different, given that the electron beam pulse width, the energy 

and the acquisition delay are also different. A decreased acquisition delay of 100 ms, 

yields higher overall noise. Unassigned noise peaks in Figure 6.24 with mass-to-charge 

ratios of 387, 553 and 873 show relative intensity increase, in comparison with the same 

peaks obtained at an electron energy of 288 eV (Figure 6.22). 

Besides singly charged Substance P precursor ion [M+H]+ designated at m/z 1374, the 

tandem mass spectra presented in Figure 6.25 and Figure 6.26 also reveal the ion 

fragments. In order to compensate for the low abundancy of precursor ions produced by 

ESI, the electron beam pulse width was increased to 900 ms and the MS2 were acquired 

during 15 min. The peak at m/z 673 corresponds to the radical cation [M+H]•2+ originating 

from the single ionization of the precursor ion, due to the Auger decay. After the neutral 

loss of CH2CHSCH3,  part of the methionine residue usually present in proteins, radical 

cation [M+H]•2+ forms the ion fragment with a mass-to-charge ratio of 636. This ion 

fragment is also reported by Canon et al [15], in a comprehensive fragmentation study of 

the trapped Substance P cations, activated with VUV photons from synchrotron radiation. 

Comparing the two MS2 presented in Figure 6.25 and Figure 6.26, we observe a slight 

increase in the relative intensities of ion fragments at m/z 673 and 636, for the electron 

activation energy of 293 eV. 

Melittin, [M+2H]2+ 

Melittin peptide is present in the honey bee venom and is composed of 26 amino acids, 

with a molecular weight of 2846 g/mol. 

Doubly charged precursor ions of Melittin peptide, are selected in the ion trap and 

subjected to the electron impact at the energy of 293 eV. Figure 6.27 presents the MS 

obtained with no ions selected, at 293 eV electron energy. A background-subtracted MS2 

obtained for electron energy of 293 eV is presented in Figure 6.28. 
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Figure 6.27 - Mass spectrum recorded with no isolated ions, for electron impact energy of 

293 eV, 900 ms pulse width and 100 ms acquisition delay, acquired during 5 min. 

 

The electron noise mass spectrum presented in Figure 6.27 is also characterized by the 

distinctive peaks in the low mass region. The peak designated at m/z 553 shows up as the 

strongest and followed by the peak at m/z 479. Even though the electron energy, the pulse 

width and the acquisition time are the same as for the Substance P in Figure 6.24, the 

distribution of the noise peak intensity is different. The different noise peak distributions 

suggest that experimental conditions are changed if a new analyte solution was injected 

into ESI, even though the precursor ions were not isolated in the ion trap. Compared with 

the electron noise obtained for Ubiquitin and Substance P, the noise peak observed at m/z 

873 in Figure 6.27 appears with an increased intensity. 

 

 

Figure 6.28 - Tandem mass spectrum recorded for 293 eV electron impact with peptide 

Melittin, doubly charged precursor. Electron beam pulse width is 900 ms, with acquisition 

delay of 100 ms, acquired during 25 min. 

 

The tandem mass spectrum presented in Figure 6.28 shows a strong ion fragment at m/z 

949, corresponding to the radical cation [M+H]•3+. It is formed by single ionization of the 

precursor ion at m/z 1424 followed by an Auger decay. After a neutral loss of about 45 

amu from the radical cation [M+H]•3+, the peak with the mass-to-charge ratio of 934 is 
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formed.  The radical cation [M+H]•4+ that corresponds to double ionization of the Melittin 

precursor ion would appear in the spectrum at m/z 712. Although the MS2 in Figure 6.28 

is background subtracted, it is not entirely clear if the small peak observed at m/z 712 can 

be assigned to this radical cation. The electron noise MS2 from Figure 6.27, does show a 

small noise peak at m/z 710. This noise peak is very close to the radical cation peak at 

m/z 712, thus there is a possibility that we observe a noise signal instead. Another peak 

at m/z 877 also remains unassigned so far. It might be assigned to a neutral loss from 

[M+H]•3+, corresponding to 216 amu. However, the presence of a broad noise signal peak 

at m/z 873, clearly visible in the MS2 from Figure 6.27, brings the ion origin of the peak 

at m/z 877 into question.  

 

6.2.3 Electron induced action spectroscopy of Ubiquitin protein 

 

Multiply charged precursor ions of Ubiquitin protein, with 7+ charge state were produced 

by electrospray ionization and activated with electrons. Electron energy was scanned near 

Carbon K-edge, from 280 eV to 300 eV. The same target was also probed with soft X-

ray photons, by A. Milosavljevic et al [101]. The two obtained action MS2 for practically 

the same incident energies of 288 eV, are compared in Figure 6.29 [105]. 

Figure 6.29a presents the action MS2 obtained for the electron activation of the trapped 

precursor ions [M+7H]7+ at m/z 1225, at the electron energy of 288 eV. The dominant 

relaxation channel corresponds to the single ionization of the precursor ion, thus forming 

the radical cation [M+7H]•8+ with a mass-to-charge ratio of 1071. The triggering process 

of the Auger decay, in this case is the direct inner-shell excitation by the electron impact. 

A strong peak is observed near m/z 1066 corresponding to a neutral loss of about 42 amu 

from the radical cation [M+7H]•8+. Given the reduced m/z resolution, we can tentatively 

assign the peak due to the amino acid side chain losses. A second strong channel is 

observed at m/z 952, corresponding to the formation of the radical cation [M+7H]•9+, 

originating from the double ionization of the precursor ions. The intensive peak at m/z 

947 is ascribed to the neutral loss (of about 42 amu) from the doubly ionized precursor 

ion. Other peaks with very low intensities are also present in the spectrum, although their 

assignments are not significant for the present study. 

Figure 6.29b presents the action MS2 obtained for the Ubiquitin 7+ precursor ions, at the 

photon energy of 288.2 eV. These action NEXAFS results are recently reported by A. 

Milosavljević et al [101]. The experiment is performed by coupling the same LTQ XL 

mass spectrometer to the soft X-ray beamline PLEIADES, at the synchrotron SOLEIL. It 

should be noted that m/z resolution of the X-ray action spectrum is higher than the one 

obtained for the electron activation. The energy of 288 eV, corresponds to a maximum in 

measured C 1s near-edge excitation function [101]. It could be seen that both 

fragmentation patterns are very similar. Indeed, in both cases, the ionization of the protein 

precursor ion, is the result of a resonant Auger decay process. It is triggered by the Carbon 

1s electron excitation into higher unoccupied molecular orbitals, resulting in a core hole 
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formation. The system relaxes and an electron is ejected, resulting in a single ionization. 

Even though the triggering process of the Auger decay is entirely different (photons or 

electrons), the ionization pattern seems to be very similar. 

 

 

Figure 6.29 - Comparison of tandem mass spectra of Ubiquitin 7+ precursor, for energies 

near Carbon K-edge activated with: (a) electrons and (b) photons. 

 

If the incident energy is lower than the ionization threshold, governed by the selection 

rules of a dipole transitions, the X-ray photon can be absorbed by the protein if its energy 

matches with the energy required by the core electron to undergo a transition from its 

ground state to the particular unoccupied bound excited state. In short, the photon 

absorption is a resonant process. In the case of the electron impact, the lower part of the 

incident electron energy is transferred to the core electron undergoing a transition. The 

remaining energy is carried away by the scattered electron, suffering the energy loss. 

Upon core hole formation valence electron fills the core vacancy in the order of 

femtoseconds [106] and an electron is ejected. In both cases, the process is called the 

resonant Auger decay, in which the single ionization of the protein precursor ion 

dominantly occurs. It should be noted that even below the ionization threshold the 

multiple resonant Auger decay can still occur [103, 107] in which system relaxes with 

more than one ejected electrons. 
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In the present experiment, the incident electron energy is only slightly above the transition  

energy. Thus, the excitation process is performed under so-called near-threshold 

conditions [108]. 

The acquisition of many action MS2 spectra for different photon energies yields the action 

NEXAFS. In the case of the electron activation, action near-edge electron excitation 

function (NEEEF) is obtained. Figure 6.30 presents the obtained NEEEF action spectra, 

for the single and double ionization of the 7+ charge state precursor ions from Ubiquitin 

protein.  

A comparison between the obtained NEEEF and NEXAFS action spectra, obtained for 

single ionization of the same Ubiquitin protein, is presented in Figure 6.31. The presented 

energy yields are extracted from MS2, by normalizing the area under the corresponding 

peak in the mass spectrum to the total ion current and by plotting it against the incident 

energy. In the experiment involving photons, an additional normalization to the photon 

flux was performed. In order to preserve the electron beam geometry and keep the 

incident electron current constant, the electron gun was refocused for each energy point. 

The voltages required to refocus the electron gun were determined during the test 

measurements, prior to the experiment involving activation of trapped ions. 

 

 

Figure 6.30 - Energy yields of single (a) and double (b) ionization of Ubiquitin protein, 7+ 

charge state precursor, obtained with electron impact. 
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Figure 6.31 - Comparison of single ionization energy yields, obtained for Ubiquitin 

protein 7+ charge state precursor, for electron and photon impact. 

 

In order to be able to compare the two energy yields from Figure 6.31, both yields are 

additionally normalized to the same area under the presented curves. The dashed line 

represents the NEXAFS spectrum, while diamonds represents the normalized NEEEF 

spectrum for the obtained single ionization (SI) of the Ubiquitin precursor ions. The clear 

spectroscopic feature appears for both SI yields. For the electron impact, the increase of 

the cross sections starts at the energy of 284.5 eV, corresponding to the Carbon 1s → 

π*
C=C (aromatic) transition. The maximum is reached at the energy of 288 eV, which 

corresponds to the Carbon 1s → π*
C-N (amide) transition. Cross sections of both SI yields, 

decreases slowly with further increase of the incident energy.  

SI yields presented in Figure 6.31 are in a very good agreement, even though the 

triggering process is intrinsically different. This fact could be of a high importance for 

the studies involving the radiation damage [109]. Furthermore, the similarity in the 

obtained action MS2 (Figure 6.29) as well as in the ionization yields (Figure 6.31), is a 

proof of principle for our experimental setup for electron activation of trapped ions. 
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7 Conclusions 
 

The work presented in this Thesis involved the gas-phase photon and electron action 

spectroscopy of trapped biopolymer ions, as well as bare and hydrated nucleotide ions. 

The activation of trapped ions was performed by either synchrotron radiation or electron 

beam produced by a custom designed electron gun. The photon action spectroscopy was 

performed using the previously developed setup and during the work on this Thesis, the 

experimental procedures have been improved and new interesting results have been 

collected and discussed. The experimental setup for coupling a focusing electron gun with 

the LTQ XL linear ion trap mass spectrometer has been developed during this Thesis. It 

allowed for performing, for the first time, the electron impact action spectroscopy of 

trapped macromolecular ions, in the C K-edge ionization region.    

The energy dependent fragmentation study of protonated peptide Leu-enk in the VUV 

photon domain of (5.7-14) eV or (217.5-88.56) nm was performed. In the obtained 

fragment ion yields, we were able to observe the distinctive spectroscopic band centered 

at c.a. 6.9 eV ascribed to the peptide π2π3
∗ (NV1) transition. For fragments b2, b3, b4 and 

y2 we could also observe the second spectral band centered at c.a. 9.6 eV ascribed to the 

π1π3
∗ (NV2) transition. We propose that the photo-fragmentation below the IE threshold 

proceeds on the hot ground electronic state after an internal conversion, following the 

electronic excitation of the target. The measured photo-dissociation yields of the selected 

ionic fragments from Leu-enk dimer precursor reveal the absorption bands at about 6.7–

7.1 eV (185–175 nm), which is similar to the monomer precursor.  

The UV/VUV photo-dissociation of both bare and monohydrated protonated AMP 

nucleotide isolated in the gas phase, revealed spectral bands located at 4.75 eV and 6.5 

eV. It should be noted that the band at 6.5 eV has not been directly measured previously 

and agree very well with our TD-DFT calculations. However, our studies also showed 

that the nanosolvation of the AMP nucleotide, with even one water molecule, 

significantly reduced the dissociation. This could be due to different absorption properties 

of the hydrated species, according to theoretical analysis. 

The inner-shell X-ray action spectroscopy near C and N K-edge of multiply charged 

Ubiquitin protein (from +4 to +11 charge states) allowed to clearly distinguish the band 

at 284.5 eV, ascribed to Carbon 1s → π*
C=C (aromatic) transition, as well as dominant 

strong absorption band at 288.2 eV corresponding to Carbon 1s→ π*
C-N (amide) 

transition. For the N-edge, the spectroscopic band was observed at 401.2 eV 

corresponding to Nitrogen 1s→ π*
C-N (amide) transition. IE for 5+ charge state precursor 

ion of Ubiquitin protein was measured at (294.3±0.2) eV. 

Finally, we have presented the energy-tunable focused electron beam activation of m/z 

selected trapped protein ions by coupling an electron gun to a linear quadrupole ion trap 

mass spectrometer. We have shown that the electron and the X-ray activation of the 

charged precursor ion of Ubiquitin protein produce very similar MS2 patterns, which is 

defined by the resonant Auger decay, regardless of the triggering process. We could also 
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measure the electron-induced single ionization ion yield, that revealed a maximum 

centered at about 288 eV, in the accord with the soft X-ray measurements. The performed 

experiments represent a proof of principle for an electron-impact activation method for 

MS2 of trapped macromolecular ions, which can be also of interest for top-down protein 

sequencing.  
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8 Appendix 
 

8.1 Faraday cup simulation in SIMION 

 

This program was used to simulate and record the electron beam profile for the preset 

beam width and angle divergence. The final result is plotted in the graph in Microsoft 

Excel, although that part of the code is not necessary for the simulation. The main 

program code is contained in the LUA file. The geometry of the electrodes is contained 

in a separate geometry file (GEM), independent of the main LUA code. Definition of 

particles is also contained in an independent file (PARTICLES). All three pieces of the 

code are presented in the following sections. 

 

8.1.1 Faraday cup  - LUA code 

simion.workbench_program() 

--global adjustables 

adjustable _y_range_mm            -- Y-axis range to scan [mm] 

adjustable _points                       -- number of data points 

adjustable _dy_mm        -- electron beam initial width (window) [mm] 

adjustable _da_deg                      -- electron beam initial divergence (pupil angle) [mm] 

  --Create Excel object (if not exist). 

  local excel   -- Excel object 

       if not excel then 

         _G.excel = _G.excel or luacom.CreateObject("Excel.Application") 

         excel = _G.excel 

       end 

  local wb = excel.Workbooks:Add()     -- Excel workbook 

  local ws = wb.Worksheets(1)               -- Excel worksheet 

  excel.Visible = false                             -- don't show excel window 

  -- create function for ploting graph in excel 

  local function plot_chart() 

    local chart = excel.Charts:Add() 

    chart.ChartType = -4169  -- scatter XY 

    chart.HasTitle = true 

    chart.HasLegend = false 

    chart.ChartTitle:Characters().Text = "Faradey cup simulation" 

    local range = ws.UsedRange 

    chart:SetSourceData(range, 2) 

    chart.Axes(1,1).HasTitle = 1 

    chart.Axes(1,1).AxisTitle:Characters().Text = "Y(mm)" 

    chart.Axes(1,2).HasTitle = 1 

    chart.Axes(1,2).AxisTitle:Characters().Text = "Transmission(%)" 

  end 

-- global help variables 

local y_step = _y_range_mm / _points 

local current_y = _y_range_mm 

-- Counters. 

local run=1 
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local num_particles 

local num_hits 

-- SIMION intialize segment.  Called for each particle construction. 

function segment.initialize_run() 

  assert(current_y)  

  assert(y_step > 0) 

  assert(_dy_mm > 0) 

  assert(_da_deg > 0) 

  -- Regenerate particle definitions 

  local PL = simion.import 'particlelib.lua' 

  PL.reload_fly2('particles.fly2', { 

  --variables to pass to FLY2 file. 

    current_y=current_y, 

    y_step=y_step, 

    _dy_mm=_dy_mm, 

    _da_deg=_da_deg, 

  }) 

  -- Reset the counter before each rerun 

  num_hits = 0 

  num_particles = 0 

   if run == 1 then  -- when first particle in run is created. 

      -- Print parameters used. 

      print("Initial parameters:") 

      print(string.format("dY=%g[mm], dA=%g[deg]", _dy_mm, _da_deg)) 

      print(" ") 

      print("Y[mm] T[%]") 

      print("----------") 

   end 

end 

-- called on each particle initialization inside a PA instance... 

function segment.initialize() 

end 

-- called on each particle termination inside a PA instance... 

function segment.terminate() 

  -- Count total number of particles 

  num_particles = num_particles + 1 

  -- Count particles that splat beyond some distance 

  if ion_px_mm >= 75.5 then 

      num_hits = num_hits + 1 

  end 

end 

-- called on end of each run... 

function segment.terminate_run() 

  -- Count number of runs 

  run=run+1 

  -- Print summary and store some data at end of each run. 

  local transmission = 100 * num_hits / num_particles 

  if run > 2 then -- skip the first run 

  print(current_y+y_step, transmission) 

  end 

  -- set next y position to scan 

  current_y = current_y - y_step 

  --fill excel cells with data 
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  if run > 2 then       -- skip the first run 

     ws.Cells(run,1).Value2 = current_y + 2*y_step 

     ws.Cells(run,2).Value2 = transmission 

  end 

  -- rerun the ions   

  sim_rerun_flym = 1  

  -- stop reruns if enough data points are reached 

  if run > 2*_points+2 then 

  sim_rerun_flym = 0 

  --Plot chart, make excel visible and reset number of runs 

  excel.Visible = true 

  plot_chart()  -- create chart 

  run=0 

  end 

end 

 

8.1.2 Faraday cup - GEM file 

pa_define(1957,201,1,cylindrical,y_mirror) 

 e(1) ;{fill{within{box(0,0,4,200)}           ;start disc 

 locate(1105,0,0) 

      { 

         within{box(0,0,11,200)}         ;f.c. 

       notin{box(0,0,11,8)}                       ;f.c. hole 

         locate(663,0,0) 

         { 

            within{box(0,0,4,200)}         ;detector disc 

          }}}} 

 

8.1.3 Faraday cup - PARTICLES file 

local var = _G.var or {} 

local y0 = var.current_y 

local y_step = var.y_step 

local dy = var._dy_mm  

local da = var._da_deg 

particles { 

  coordinates = 0, 

  standard_beam { 

    n = 121, 

    tob = 0, 

    mass = 0.00054857990946, 

    charge = -1, 

    x = 0.401, 

    y = arithmetic_sequence  

      { 

        first = y0+(dy/2), 

        step = -(dy/10), 

        n = 11 

      }, 

    z = 0, 

    ke = 1, 

    az = 0, 

    el = arithmetic_sequence  
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      { 

        first = da/2, 

        step = -(da/10), 

        n = 11 

      }, 

    cwf = 1, 

    color = 3 

  } 

} 

 

8.2 Simulation of the linear quadrupole RF+DC ion trap 

 

This program was used to simulate the transmission of the electron beam through the 

linear quadrupole ion trap from the LTQ mass spectrometer. This simulation consists of 

few separate code segments. Particle definitions are used without special coding and are 

created through the user interface of the SIMION program. The main part of the code 

(LUA) is presented in the following section, while 3 geometry files with the information 

of electrode dimensions are given in the sections that follow next. 

8.2.1 Ion trap - LUA file 

simion.workbench_program() 

-- Definition of variables. 

adjustable DC_voltage_V = 100.0                                  -- DC voltage [V] 

adjustable RF_frequency_Hz = 1E+6                            -- RF frequancy [Hz] 

adjustable RF_voltage_V = 400                                      -- RF voltage [V] 

adjustable phase_in_deg = 0                                          -- Phase angle at ion entrance [deg] 

adjustable phase_RF_deg = 180.0                                 -- Phase angle between RF rods [deg] 

adjustable disk_DC_voltage_V = 0                               -- Disk electrode DC voltage [V] 

adjustable katode_V = 0                                -- Katode DCvoltage [V] 

adjustable pe_update_each_usec = 0.0001                   -- PE display update time step [usec] 

adjustable time_step_min = 0.0001                              -- Min time step [usec] 

-- Initialising static potentials on Disk electrodes and kathode in instances 1 and 3 only. 

function segment.init_p_values() 

    if ion_instance == 1 then      -- entrance PA 

        adj_elect03 = disk_DC_voltage_V 

        adj_elect04 = katode_V 

     elseif ion_instance == 3 then  -- exit PA 

        adj_elect03 = disk_DC_voltage_V 

    end 

 end 

-- SIMION fast_adjust segment.  Called to override electrode potentials. 

function segment.fast_adjust() 

local omega = 2 * math.pi * RF_frequency_Hz * 1E-6 

local phase_in = phase_in_deg * (math.pi/180) 

local phase_RF = phase_RF_deg * (math.pi/180) 

   -- Set electrode voltages. 

   adj_elect01 = RF_voltage_V * sin (omega * Ion_Time_of_Flight + phase_in) + DC_voltage_V 

   adj_elect02 = RF_voltage_V * sin (omega * Ion_Time_of_Flight + phase_in + phase_RF) - 

DC_voltage_V 

 end 
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-- SIMION other_actions segment. Called on each time-step. 

local next_pe_update = 0   -- next time to update PE surface display [usec] 

function segment.other_actions() 

      -- Trigger PE surface display updates. If TOF reached next PE display update time... 

    if ion_time_of_flight >= next_pe_update then 

        -- Request a PE surface display update. 

        sim_update_pe_surface = 1 

        -- Compute next PE display update time (usec). 

        next_pe_update = ion_time_of_flight + pe_update_each_usec 

    end 

end 

-- SIMION segment called by SIMION to override time-step size on each time-step. 

  function segment.tstep_adjust() 

    

 ion_time_step = min(ion_time_step, time_step_min) 

 end 

8.2.2 Ion trap - front section GEM file   

pa_define (72,72,232,p,xy,e,1) 
locate(0,0,0,1,0,0) 
{e(4) ; Cathode 

{fill{within{box3d(-72,0,0,72,72,5) circle(0,0,10,10)}}}} 

locate(0,0,155,1,0,0){e(3) ; Front plate disc 

{fill{within{box3d(-72,0,0,72,72,6) circle(0,0,61,61)} 

notin{box3d(-72,0,0,72,72,6) circle(0,0,6,6)}}}} 

locate(0,0,166,1,0,0){ 

locate(0,0,0,1,0,0) 

{e(1) ; Y-axis electrodes 

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}} 

locate(0,0,0,1,0,-90) 

{e(2) ; X-axis elektrodes  

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}} 

 

8.2.3 Ion trap - center section GEM file  

pa_define (72,72,1,p,xy,e,1) 

locate(0,0,0,1,0,0){ 

locate(0,0,0,1,0,0) 

{e(1) ; Y-axis electrodes 

{fill{within{box(-52,0,52,72) hyperbola(0,0,16,17)}}}} 

locate(0,0,0,1,0,-90) 

{e(2) ; X-axis electrodes 

{fill{within{box(-52,0,52,72) hyperbola(0,0,16,17)}}}}} 

 

8.2.4 Ion trap - back section GEM file   

pa_define (72,72,82,p,xy,e,1) 

locate(0,0,70,1,0,0) 

{e(3) ; Detector disk 

{fill{  

within{box3d(-72,0,0,72,72,6) circle(0,0,61,61)} 

notin{box3d(-72,0,0,72,72,6) circle(0,0,6,6)}}}} 

locate(0,0,5,1,0,0){ 

locate(0,0,0,1,0,0) 
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{e(1) ; Y-axis electrodes 

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}} 

locate(0,0,0,1,0,-90) 

{e(2) ; X-axis electrodes 

{fill{within{box3d(-52,0,0,52,72,60) hyperbola(0,0,16,17)}}}}  
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Photoionization of isolated protonated peptides and proteins has been studied, 
particularly the role of either charge state of the precursor or hydratation by only a few water 
molecules. Gas phase V U V and X-ray single-photon photoionization spectroscopy 
ofelectrospray-producedprotonated bare and nanosolvatedbiopolymers has been performed by 
means of coupling a linear quadrupole ion trap with a synchrotron beamUne [1]. 

We have demonstrated, in the V U V photon domain, a strong correlation between the 
ionization energy of a full protein and both its charge state and structure [2]. This study has 
been recently extended to inner-shell ionization by soft X-rays. Previously, we have reported 
the first inner-shell spectroscopy of gaseous protein ions, showing a striking apparent stability 
of the large photoions arising from direct photoionization or Auger processes [3]. 

We have also studied the influence of nanosolvation to the physicochemical properties 
of biomolecules, particularly the susceptibility to V U V irradiation [4]. The measurements 
have showed that although the nanosolvation of a protonated peptide dimer with only 3 water 
molecules has a limited impact on the three dimensional structure of this fragile complex, it 
increases dramatically its stability and prevents apparent photo-fragmentation. The latter 
experimental results have been confirmed theoretically by using molecular dynamics and 
density functional theory.This study has been most recently extended to A M P nucleotide and 
the role of a single solvent molecule. 
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Abstract. We present results on the N K-shell X-ray tandem mass spectrometry 

of gas-phase, multiply charged ubiquitin protein. The results have been achieved 

by coupling a linear ion trap mass spectrometer, fitted with an electrosprayed ion 

source probe, to a soft X-ray synchrotron beamline. The tandem mass spectrum of 

the 5+ charge state precursor of ubiquitin at the activation energy of 402 eV is 

presented and discussed. The results show a predominant ionization channel of 

the protonated protein precursor, but accompanied also by losses of small neutral 

fragments. 

1. INTRODUCTION 

The controlled study of protein degradation upon exposure to X-rays is 

of particular importance for the radiation damage research. Additionally, this field 

has become highly relevant in the last few years, when it was demonstrated that 

short and intense X-ray pulses from the X-ray free electron lasers (XFEL) can be 

used for protein 3D structure determination using single-object coherent X-ray 

diffraction [1]. This is of special interest for membrane proteins, which are 

difficult to crystallize and study using conventional protein crystallography 

methods at synchrotrons. There has been a large effort to understand the details of 

radiation damage of biomaterials at the molecular level, which can also favor 

important medical applications such as cancer therapy [2]. With this respect, an 

immense number of publications have been devoted to the electron/ion/photon 

interaction with DNA and its components [3]; however, protein 

ionization/degradation and associated secondary effects were less investigated 
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although equally important in damage modeling [1]. It is well known that X-ray 

irradiation induces strong fragmentation in amino acids and peptides [4]. 

Nevertheless, surprisingly, gas phase proteins appeared to be much less prone to 

dissociation, whereas dominant channels corresponded to ionization and losses of 

neutral fragments [5]. Still, it should be noted that intensive production of low-

energy secondary electrons, due to direct ionization or to the normal/resonant 

Auger decay of the core-ionized/-excited states, can also strongly affect the 

degradation of the biomaterial [6]. Very recently, it has been also predicted that 

resonant X-ray photoabsorption can effectively produce slow electrons, through 

the initial inner-shell excitation triggering a resonant-Auger intermolecular 

Coulombic decay (ICD) cascade [7]. Although the latter study [7] has been 

performed for a simple ArKr model system, the authors pointed out that the 

process might have consequences for fundamental and applied radiation biology. 

With this respect, the inner-shell mass-resolved action spectroscopy of a protein 

can indeed resolve the dominant relaxation channels upon resonant X-ray photon 

absorption. 

2. EXPERIMENTAL SETUP 

 The experimental setup and coupling of the linear quadrupole ion trap 

to a synchrotron beamline has been described in previous publications [5,8,9]. 

Briefly, the setup is based on a commercial linear quadrupole ion trap mass 

spectrometer (Thermo Finnigan LTQ XL) equipped with an electrospray 

ionization (ESI) source. The electrosprayed ions are introduced from the front 

side into the trap, while the soft X-ray photon beam enters the ion trap from the 

backside. The irradiation time (about 500 ms in the present case) of the mass-

selected precursors is regulated by a special photon shutter [10]. The setup 

includes a differential pumping stage to accommodate the pressure difference 

between the beamline (10
−9

 mbar) and the LTQ (10
−5

 mbar of He in the main 

chamber). 

 The setup is connected to the soft X-ray beamline PLEIADES [11,12] 

of the SOLEIL storage ring in Saint-Aubin (France). The photon beam is 

produced by a quasi-periodic APPLE II type of undulator (80 mm period), 

followed by a modified Petersen plane grating monochromator with varied line 

spacing and varied groove depth gratings. For the present experiment, a 400 lines 

mm
−1

 grating was used, which provides high photon flux on the order of 1−2 × 

10
12

 photons s
−1

/0.1% bandwidth for the used energy. The energy resolution used 

(full with at half maximum, FWHM) was about 430−460 meV. The photon 

energy was calibrated according to the N 1s��* resonance in molecular 

nitrogen. Multiply protonated ubiquitin protein (Sigma Aldrich) was generated 

by the ESI source from a water/acetonitrile (75:25) solution at 10 �M. 

3. RESULTS AND DISCUSSION 

 The tandem mass spectrum of the 5+ charge state ubiquitin precursor, 

upon resonant X-ray photon irradiation during 500 ms, below N 1s ionization 
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threshold (IT) is presented in Figure 1. The spectrum shows that the inner-shell 

photo-excitation of a protein dominantly leads to its ionization accompanied by 

losses of neutral fragments. The ionization of the photo-excited precursor at 

photon energies below the direct inner-shell IT is the consequence of the 

resonant Auger decay [7] triggered by the promotion of a core (1s) electron to an 

unoccupied, bound molecular orbital, forming a highly-excited state. A valence 

electron fills the core vacancy and the molecule decays by ejecting another 

(Auger) electron. It is also possible that more than one valence electron be 

ejected during decay leading to multiple resonant Auger decay [13]. 

 The finding that the ionization process, accompanied by low-mass 

neutral fragment losses, represents the dominant relaxation channels upon X-ray 

absorption by ubiquitin protein is very important for the radiation damage 

research, imposing limitations to the widely applied building blocks approach 

based on the premise that the properties of complex macromolecules can be 

elaborated through investigation of their components. Note that the channelling 

of the absorbed energy into multiple electron ejection and neutral fragment 

losses, instead of backbone destruction, does not necessarily mean a better 

protection of the biological material; the secondary electrons can further produce 

damage [6] and neutral fragment losses from amino acids can induce mutations. 

However, the present results certainly bring new insights for a more accurate 

modelling of the complex radiation damage phenomenon. Multiple electron 

ejection, rather than the formation of small ions and radicals, suggests that the 

resonant X-ray irradiation of protein-reach regions in the cell would produce a 

significant number of secondary electrons.        
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Figure 1. Tandem ESI/photoionization mass spectra of the 5+ (m/z 1714) ions of ubiquitin protein, 
obtained after 500 ms of irradiation at the photon energy of 401.2 eV. 
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Abstract. We have performed electron ray-tracing simulations, in order to 
optimize a commercial low-energy electron gun used for controlled irradiation of 
biological samples deposited on a surface. The simulations have been performed 
by using SIMION program packet, for electron energies from 1 to 20 eV. The 
results suggest possibilities to improve the performance of the electron gun 
considering the stability of the focal position over the used energy domain.  

1. INTRODUCTION 

A novel method that allowed for the first time to visualize the electron-
induced dissociation of single chemical bonds within well-defined self-assembled 
DNA nanostructures has been recently developed [1]. It is based on AFM imaging 
and quantification of low-energy-electron-induced bond dissociations within 
specifically designed oligonucleotide targets that are attached to DNA origami 
templates.  

The previous electron-irradiation experiments [1] investigated the 
strands breaks as a function of electron fluence at fixed electron energy of 18 eV, 
and it was found that at the fluence of 1–5x1012 cm-2 the number of DNA strand 
breaks increased linearly with the fluence. Further experiments are presently in 
progress, in order to investigate the electron energy dependence of the strand 
breaks over a domain from 1-20 eV. In order to perform such experiment 
properly, the incident electron beam should be controlled to preserve an optimal 
electron current density at the sample. We present herein the electron ray-tracing 
simulations that should help obtaining the best conditions of the electron gun used 
in the experiment. Although the present study does not take into account all 
possible parameters (for example, the Earth and other stray fields), the results 
suggest possibilities to improve the performance of the electron gun.  
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2.RESULTS AND DISCUSSION 

2.1 Simion 

The simulation of the electron gun in the present study was conducted by 
using the commercial program SIMION8[1]. Briefly, a desired geometry of the 
electrodes of the gun is loaded into SIMION through a geometric file, written in 
SIMION’s specific programing language. Each electrode, specified in the 
geometry file has itsown electric potential value, which should be defined by the 
user. SIMION program solves the Laplace equation for a given electric potential 
and stores data in a potential array (*.pa#) file. By solving Laplace equation, 
SIMION calculates the electric field defined by gradient of electrode potential, 
using a method of finite differences. Additional changes of electrode potentials 
and starting conditions of the projectiles (electrons) have been done through 
“LUA” programing code, written in a separate file which controls the entire 
simulation. In the final step, charged particle trajectories are being displayed. 

2.2 Modeling and simulation 

The present electron gun consists out of five cylindrical electrodes, with the 
cathode being one of them. Geometry of the electrodes and a 3D model of the 
electron gun are displayed in Figure1. 

 

Figure1. 3D model image from SIMION8 of the electron gun. Denotations: K-
cathode, W-wehnelt, A-anode, M-metal rings (gnd), S-shutter and Sample holder 
disk. 

In the present simulations, in order to preserve a cylindrical symmetry 
of the whole electrode assembly, the cathode is made as a simple bar, although it 
is hairpin in real. This should not affect the present preliminary simulation, 
because the electrons are generated just in front of the cathode with 0.1eV 
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energy,without simulating a thermo-electronic emission, where a shape of the 
cathode is very important.  
 The present experimental setup has W, M and S (see Figure 1) set on 
the ground voltage, with the anode biased to a high positive voltage (500V in the 
simulation). The sample disk is grounded through a picoamperemeter and placed 
at a distance of d=5 mm apart from the last electrode (shutter), while cathode is 
set to a negative voltage which defines the electron energy. To control the 
irradiation time, a deceleration of all electrons is achieved by applying a small 
negative voltage (around 110% of the electron’s energy) on the shutter electrode 
(S). In the simulation, 501 electrons were generated uniformly from a disk with a 
radius of r=0.5 mm, with E0=0.1 eV initial energy and α0=45º cone divergence 
angle, just near the surface of the cathode. The radius of the electron beam as a 
function of the electron energy was recorded, with fixed anode voltage (Figure 
2). 

 

Figure2. The radius of the electron beam for different electron energies, at 5mm 
distance from the exit, with fixed anode voltage of 500V. 

Low energy electrons (up to 5 eV) are highly scattered, with the 
Wehnelt electrode being grounded, because no primary extraction zone was 
formed. In that energy range, the transmission of electrons through the electron 
gun was below 50%, while the electron beam had unstable geometry.  For the 
electron energies above 5eV, the electron beam is well defined and approaches 
desired 2.5 mm radius (5 mm diameter) even with the fixed anode voltage. 
Optimization of the anode voltage up to 5eV energy range, had no influence on 
the stabilization of electron beam. Experimentally obtained electron beam 
diameter at 10 eV is in a good agreement with the calculated value. 

In order to further improve the electron transmission and better control 
the beam geometry, formation of the primary extraction zone as well as it’s 
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tuning of gun’s potentials as a function of the energy is needed. This was done 
by setting floating voltages on the wehnelt and the anode (W and A in Figure1, 
respectively) relative to the cathode. W was set to -4V, while A was set to 500V, 
both relative to K. With additional programming in “LUA” the voltage on A was 
adjusted in order to obtain the beam radius of r=5 mm at a distance of d=5 mm, 
from the shutter, for different applied electron energies. The results of this 
optimization are given in Figure3. Clearly, beam radius is dependent of the 
energy, therefore at least one (anode) voltage must be set accordingly.  

 

 

Figure3. Left: Electron beam radius at d=5mm distance for fixed anode (500V) 
and wehnelt (-4V) voltages, relative to kathode;  Right: Optimized anode 
voltage, to keep electron beam radius near r=5mm at a distance of d=5mm. 
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Abstract. We have measured the kinetic energy distribution of electrons escaping 
a macroscopic platinum (Pt) tube (3.3 mm diameter and 40.8 mm length). The 
200 eV incident electron beam of about 800 nA was directed into the capillary 
entrance at a large tilt angle of 5.5o, with respect to the capillary axis. The results 
show a dominant fraction of elastically scattered electrons, accompanied by 
inelastic losses.       

1. INTRODUCTION 

Insulating micro- and nano-capillaries made of different materials have 
been extensively used to investigate the so-called guiding phenomenon, which 
was first revealed with the pioneering work of Stolterfoht and coauthors in 2002 
[1]. Briefly, the beam of charged particles, particularly highly charged ions (HCI), 
dinamically deposit charge on the inner capillary surface, thus providing a 
Coulomb field that deflects the particles and efficiently guides them towards the 
capillary exit. Large attention has been devoted to this phenomenon due to both 
an interesting physics and possible applications, such as the possibility to 
introduce a micro/nano HCI beam directly into a biological object [2]. The first 
results on electron guiding through insulating capillaries have been reported more 
recently [3,4], followed by a more detailed investigations [5,6].  A comprehensive 
review on the subject can be found in the recent paper by Lemell et al. [7]. 

In contrast to the HCI, the electron transmission through insulating 
capillaries appeared to be much more complex [5,6,7]. Particularly, electrons can 
be closely elastically scattered from the surface (not only deflected by deposited 
charge), inelastically scattered and can produce secondary electrons (which thus 
affect the Coulomb interaction). Moreover, it has been suggested that even 
metallic (conductive) capillaries could be used for the electron guiding [6]. 
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In the present work, we investigate electron transmission through 
metallic macroscopic capillaries. Our aim is both  to learn about fundamental 
properties of the electron guding by metallic capillaries, governed by electron-
surface interaction, and to investigate the potential application of metallic high-
aspect ratio capillaries as a robust, spatially well-determined, low-energy electron 
carier/source, which could be efficiently applied to study electron driven 
molecular processes under different environmental conditions. We started 
investigation with a large-diameter Pt tube, in order to compare the obtained 
results to the electron interaction with a plane Pt surface and theoretical 
simulations. In the present work, we have investigated transmission of 200 eV 
incident electrons through a single Pt macrocapillary (3.3 mm diameter and 40.8 
mm length – the aspect ratio of about 12.4). The intensity of the outgoing electron 
current has been measured as a function of both the incident beam angle with 
respect to the capillary axis (tilt angle) and the kinetic energy of outgoing 
electrons.  

2. EXPERIMENTAL SETUP 

 The experiment has been performed in the Laboratory for Atomic 
Collision Processes, at the Institute of Physics Belgrade (IPB) by using the 
electron spectrometer UGRA [8], which has been modified to perform the 
present experiment. The electron gun produces a well collimated electron beam, 
with a diameter and an angular divergence estimated to be approximately 1 mm 
and 1o at 200 eV of the incident energy, and with an energy spread of about 0.5 
eV. The Pt tube has been fitted inside the entrance electron lens system (see 
Figure 1), in front of the electron gun, which can be rotated around the capillary 
entrance in the angular domain of about -15 to +15 degrees. The angle between 
the capillary axis and incident electron beam direction is denoted as the tilt 
angle. 
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Figure 1. Schematic drawing of the experimental setup.
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 The electrons escaping the capillary were focused by an electrostatic 
lens (Figure 1) into a double cylindrical mirror energy analyzer (DCMA), 
followed by a single channel multiplier used as a detector. Since the entrance 
lens of the analyzer is fixed to have its axis parallel to the capillary axis, the 
observation angle is fixed at 0o and the acceptance angle also depends on the 
focal properties of the entrance lens. The kinetic energy distribution of the 
electrons escaping the capillary was measured by recording the electron current 
at the detector (count rates) as a function of the retarding potential at the entrance 
of the DCMA that worked in a constant pass-energy mode, thus providing a 
constant energy resolution over the whole scanned energy domain [8]. Still, it 
should be noted that the recorded kinetic energy distribution can be affected by 
the transmission of the entrance lens [8].   

3. RESULTS 

 The preliminary obtained kinetic energy distribution of electrons 
escaping the Pt tube at the tilt angle of about 5.5o and for the incident electron 
energy of 200 eV is shown in Figure 2.  
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Figure 2. The kinetic energy distribution of electrons escaping the Pt tube at the tilt angle of 5.5o and 
the incident electron energy of 200 eV. 
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 The aspect ratio of the Pt tube defines the tilt angle of 4.6o as a 
maximum angle to transmit the direct electron beam. Moreover, even at smaller 
tilt angles down to only a few degrees, the electron detection should not be 
possible due to the aspect ratio of the entrance lens stack and the DCMA (see 
Figure 1), which also depends on the electrostatic field. Therefore, the present 
results suggest that 200 eV electrons can be directed and transmitted along the 
metallic Pt tube. The dominant fraction of the transmitted electrons seems to 
suffer only elastic surface collisions. Inelastically scattered electrons are also 
detected and further work is in progress to compare the present results with the 
electron scattering from a plane Pt surface and calculations that include 
cylindrical geometry.  
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Leucin-enkephalin (Leu-enk) is a model peptide system consisting of 5 amino acids, with a 
sequence Tyr-Gly-Gly-Phe-Leu and has been intensively investigated previously [1-3] (and 
references therein).  Here, we report a study on VUV photodissociation of gas-phase protonated 
(Leu-enk) peptide, both bare and hydrated with one water molecule, in the photon energy range 
from 5.5 to 9.0 eV. By recording photon activation tandem mass spectra at different photon 
energies, we could measure the photofragment ion yields for a number of selected fragments of 
Leu-enk and thus record the action spectroscopy of isolated precursors. The experiment has been 
performed by coupling a linear quadrupole ion trap mass spectrometer (LTQ XL) to the VUV 
DESIRS beamline [4] of the SOLEIL synchrotron facility (France). The front side of the LTQ mass 
spectrometer was equipped with an electrospray ionization (ESI) source, whereas the photon beam 
was introduced from the back side. A detailed description of the experimental setup can be found in 
the previous references [5,6]. Additionally, we have performed density functional theory (DFT) 
and time-dependent DFT calculations in order to investigate their structures and absorption bands.  
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Fig.1. Photodissociation yields of y2 fragment from [Leu-enk+H]+ (circles) and [Leu-enk+H2O+H]+ 
(stars) precursors. 
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We report preliminary results from unprecedented near edge X-ray absorption fine structure action 
spectroscopy of a gas-phase nanosolvated peptide ion. Doubly protonated substance P (Arg-Pro-
Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2) cations have been isolated in a linear ion trap and 
submitted to soft X-ray synchrotron radiation by means of coupling a commercial quadrupole ion 
trap mass spectrometer (Thermo Finningan LTQ XL) to the PLEIADES beamline at the SOLEIL 
synchrotron radiation facility (France) [1]. X-ray activation tandem mass spectra have been 
recorded for different photon energies, scanned over C, N and O K-edge ionization thresholds.   

Figure 1 shows the photofragment ions yield corresponding to a total water loss (a normalized 
integral yield of all fragments corresponding to the loss of one or more water molecules) from the 
doubly protonated substance P cation nanosolvated with 11 water molecules [M+2H+11H2O]2+ 
upon soft X-ray irradiation. We observed that a resonant excitation of an O 1s electron to an 
unoccupied molecular orbital, following by a resonant Auger decay, induces an increased water 
detachment from the precursor.   
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Fig.1. Photofragment ions yield that corresponds to a range m/z 674-766 (an integral yield of all 
fragments corresponding to the loss of one or more water molecules) from a doubly protonated nanosolvated 

substance P cation precursor [M+2H+11H2O]2+ (m/z 773.5). 
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Abstract. In this article we report new results for action spectroscopy of protonated peptide 
Leucine enkephalin (YGGFL). By coupling a linear ion trap mass spectrometer with a vacuum 
ultraviolet (VUV) synchrotron radiation beamline, we investigate photofragmentation pattern 
of this peptide, through the analysis of tandem mass spectra recorded over a range of VUV 
photon energies, below and above the ionization energy. The obtained fragmentation patterns 
are discussed and compared to previous results. 

1. Introduction 

Development of electrospray ionization (ESI) [1], along with the advances in mass spectrometry 
techniques in recent years, has allowed manipulation of large bio-molecular ionic species in the gas 
phase. Therefore, fundamental properties of peptides, proteins, and nucleic acids such as ionization 
energies, bond energies and electronic energy levels could be investigated through action spectroscopy 
methods. In the present work ESI technique is used to produce intact biomolecular ionic species in the 
gas phase, from liquid solutions of these molecules. Tandem mass spectrometry by using VUV as an 
activation method was employed to investigate targets of interest. 

Leucine enkephalin (Leu-enk) peptide is formed from five amino acids joined through peptide 
bonds, with the sequence tyrosine-glycine-glycine-phenylalanine-leucine (or YGGFL, in one letter 
coding). Leu-enk is an ideal candidate to study because it is small enough to be easily manageable 
with mass spectrometry techniques and to allow clear analysis of fragmentation products, while still 
being big enough to represent peptides. Usually the site of protonation is at N-terminus of the first 
amino acid - tyrosine, although other protonation sites were reported in the literature, as a consequence 
of proton mobility (see [2] and references therein). A standard nomenclature of the backbone 
fragments is based on where the positive charge (proton) stays upon bond scission and which 
particular bond is cleaved. If the proton stays at C-terminal, fragments a, b, c are formed, while 
fragments x, y, z originate from the N-terminal. Numbers in the subscripts of the fragment letters 
indicate the number of amino acid residues left in the particular fragment. Cleavage of the peptide C-N 
bonds is the origin of b and y fragment ions. Figure 1 displays a schematic structure of the Leu-enk 
peptide and denotation of some backbone fragments relevant for the present work.  
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Figure 1. Schematic structure of Leucine enkephalin peptide with denoted fragments (dashed lines) 
and constituent amino acids (in one letter code). 

 
 
Leu-enk has been probed with a vast number of different techniques, covering fragmentation pattern 
information and fragment yields. The reported results include collision induced dissociation (CID) [3], 
surface induced dissociation (SID) [4], blackbody infrared radiative dissociation (BIRD) [5] and laser-
induced dissociation (LID) [6]. Each of these methods produces different conditions which favor 
certain decomposition pathways governed by certain fragmentation mechanisms. An extensive study 
of fragmentation schemes has been reported for protonated Leu-enk in the experiment involving 
multiple-resonance CID, by V. Rakov et al. in [3]. One of the reasons Leu-enk is used as a standard 
peptide is because it is very useful for testing and tuning new experimental setups, since it has been 
found that abundance ratios of some fragment ions can indicate an amount of internal energy 
deposited in the precursor ions [7]. Therefore, experimental parameters of a setup are adjusted in such 
a way that various ratios of Leu-enk’s fragment intensities are kept constant. On the other hand, ratios 
of a4/b4 and b3/y2 can indicate at least qualitatively the degree of excitation of the precursor ions. 

Amino acids and peptides strongly absorb VUV light [8]. Therefore an investigation of VUV 
interaction with peptides is of great interest. The only VUV light source with high enough brilliance 
and flexibility to continuously change the photon energy over a wide range is the synchrotron 
radiation source. A comprehensive study of VUV-induced fragmentation of protonated Leu-enk was 
reported by S. Bari et al in [9]. In the present work, we extend this investigation by means of mass 
resolution, the number of assigned ionic fragments and the photon energy range. The obtained results 
are also compared with existing data. 

2. Experiment 

Mass spectra in this article were obtained using the experimental setup located at the synchrotron 
SOLEIL near Paris, France. A commercial mass spectrometer Thermo Phiningan LTQ XL (LTQ) 
equipped with ESI was connected to the synchrotron VUV beamline DESIRS [10], with custom made 
turbo differential vacuum manifold [11-13]. Leu-enk ions produced by ESI were isolated in a linear 
quadrupole ion trap and subjected to VUV photons. After well-defined time of irradiation (500 ms in 
the present experiment) at particular photon energy, tandem mass spectra (MS2) were recorded. 

The LTQ mass spectrometer was connected to the synchrotron beamline from the back side of the 
LTQ. A dedicated vacuum manifold has been made to accommodate the pressure difference between 
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the LTQ and the beamline. One side of the vacuum manifold was fixed to the beamline where the 
pressure is in the order of 10-8 mbar, while the other side was connected via flexible bellow to the back 
plate window of the mass spectrometer. The pressure of the Helium buffer gas inside the ion trap of 
LTQ is of the order of 10-3 mbar while the pressure in the spectrometer is of the order of 10-5 mbar. 
During the operation and photon irradiation, the pressure inside the vacuum manifold was in the order 
of 10-6 mbar. A home-made rotating mechanical shutter driven by an electric motor was built and 
positioned in front of the photon beam inside the vacuum manifold. Cooling of the electric motor in 
the vacuum was established through heat conduction through a massive copper heat sink (holder) 
tightly surrounding the motor [14]. Alignment of the photon beam with respect to the ion trap’s axis 
was achieved by using a custom supporting frame, mounted under the LTQ. It has several degrees of 
freedom, both translational and rotational, which allow for a fine alignment of the ion trap position 
with respect to the incident photon beam. An optimal alignment provides the highest overlap between 
cylindrical ion trapping region and the photon beam and is essential for the experiment.  

Leu-enk was provided from Sigma-Aldrich as a powder and it was diluted with water/acetonitrile 
75:25% v/v solution to the final concentration of 10 µM. The ESI source is positioned on the front side 
of LTQ. The ions formed by ESI source from the solution are guided by a system of ion lenses and 
stored in the ion trap. Parameters of ESI were optimized to obtain highest possible abundance of 
protonated Leu-enk cations [YGGFL+H]+. A typically recorded mass spectrum (MS1) produced by 
ESI is displayed in figure 2. 

 

 
Figure 2. The mass spectrum of electro-sprayed Leu-enk ions from water/acetonitrile 75/25% solution 
with 10 µM concentration of peptide molecules. The peak in the spectrum at m/z 556 corresponds to 
the protonated Leu-enk cation [YGGFL+H]+, while two peaks denoted with a star originate from 
pollutions. 

The precursor ions of interest, in this case [YGGFL+H]+, were selected and isolated in the ion trap, 
by means of ejecting all other ions. When enough precursor ions are accumulated in the ion trap or 
when a time limit for ion accumulation is reached, the mechanical shutter opens and the 
monochromatic VUV photon beam of defined energy irradiates the precursor ions. Synchrotron 
beamline DESIRS [10] is equipped with a gas filter cutting off higher order harmonics, which can 
create an additional signal originating from higher photon energies.  If filled with Krypton, the gas 
filter cuts off all photon energies above 14 eV. Additionally, a MgF2 glass filter is inserted as the part 
of the vacuum manifold assembly, to cut off the higher harmonics over 10.6 eV. The photon beam 
produced by the beamline undulator is monochromatized by using a normal incidence 
monochromator, resulting in final energy resolution of around 10 meV in the present case.  
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3. Results and discussion 

J. Sztáray et al. in [15] performed a review of the studies about Leu-enk energetics and reaction 
pathways, so we will focus here only on the discussion of the most prominent fragments prevailing 
under our experimental conditions. Figure 3 displays the tandem mass spectra obtained for protonated 
Leu-enk precursor ions [YGGFL+H]+ after activation with synchrotron VUV photons at three different 
energies. The mass spectra have been normalized to show the precursor ions [YGGFL+H]+ at m/z 556 
with 100 %  relative intensity.  
 

 
Figure 3. Tandem mass spectrum of protonated Leucine enkephalin precursor ions after irradiation 

with photons of a) 5.7 eV b) 8 eV and c) 16 eV. 
 

Fragmentation patterns in our spectra are in good agreement with the ones reported in [9], which is 
expected considering the similar experimental conditions: VUV synchrotron photon activation of 
trapped ions. The lack of x and z and low abundant y-sequence ions in our spectra confirm that N-
terminal ions are favoured. The ionization energy (IE) of protonated Leu-enk was determined by DFT 
calculations to be 8.87 eV [16].  The radical cation is not observed in our spectra and it is likely that it 
is not stable and fragments readily after its formation, as it has been proposed by Bari et al. [9]. For 
sub-ionisation energies absorption of photons by precursor ions leaves them in an excited electronic 
state. This energy may be redistributed internally via intramolecular vibrational processes, causing the 
weak peptide C-N bonds to break first, forming the backbone ions b and y. According to the 
fragmentation scheme proposed in [3], the major reaction pathway is following: YGFFL-b4-a4-b3-b2-
a2-Y. All these ions are present in our mass spectra, except Y (136), due to the mass cut off at m/z 150. 
Backbone ion b4 (m/z 425) needs the lowest photon energy to form and it shows up as the strongest 
fragment at 5.7 eV in our mass spectrum. This ion is formed directly from dissociation of the 
precursor ions. The fragment at m/z 538 corresponds to the loss of a water molecule from the 
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precursor ions. Its intensity is highest among all fragments in the lowest energy region but falls 
quickly with the increase of the photon energy. Note that this fragment has not been discussed in the 
previous work by Bari et al. [9]. Following figure 1, after CO loss, b4 forms into the fragment ion a4 
(m/z 397). Ion a4 dissociates with the neutral loss of NH3 into fragment at m/z 380. After Glycine 
residue loss (-57) near ionization energy, this ion is observed at a4-NH3-G (m/z 323). It is also reported 
and discussed in detail by a group of Glish, as a rearrangement fragment FYG (m/z 323) [17]. The 
intensity of the ion a4 exceeds the b4 intensity and peaks at around 7 eV, where it is the most prominent 
fragment in the mass spectrum. This energy corresponds to the peak of the absorption band coming 
from the π-π* peptide transition. Fragment b3 (m/z 278) is the next in line to show up as a dominant 
fragment with further increase of the photon energy. Ion b3 is formed from a4 ion while further 
dissociation of b3 forms b2 (m/z 221). C-terminal ion y2 (m/z 279) has a higher intensity than b3 (278) 
in the low energy region. With the increase of photon energy, the internal energy of the precursor ions 
rises, resulting in the drop of the intensity of y2 ions compared to the intensity of b3 ions, similarly as 
for b4 and a4 ions, respectively. The peak designated at m/z 449 corresponds to the tyrosine side chain 
loss of the precursor ions while the loss of the phenylalanine side chain is responsible for a small peak 
at m/z 465. H loss from 449 leads to a fragment designated at m/z 448. Loss of tyrosine side chain is 
also noticed from backbone fragment b4, so fragment b4-107 (318) is observed. As the photon 
activation energy goes over the IE of Leu-enk (8.87 eV) more reaction channels become open. New 
reaction channels above the IE lead to internal fragments GGF (m/z 262) and GF (m/z 205). These 
fragments are also present in the sub ionization energies, but with very small abundances. Suffering 
the CO loss, these ions form GGF-CO (m/z 234) and GF-CO (m/z 177). In the second channel with 
another CO2 loss from GF, fragments at m/z 161 are created. Above the IE internal fragments 
dominate over the backbone by more than a factor of 10. At 16 eV, the most prominent fragments are 
c3 (m/z 295) and GF (m/z 205). Mass-to-charge ratio of doubly ionized precursor ions [Leu-enk+H]2+ 
is the same as for b3 ion at m/z 278. According to [9], it is possible that small abundance of doubly 
ionized precursor ions contributes to the intensity of the m/z 278 peak. Internal C-terminal fragment a3 
(m/z 250) is formed upon CO loss from b3 ion and along with ion a2 (m/z 193) shows up at energies 
above 14 eV. Both backbone and internal fragment ions peak at around 20 eV with a very broad peak, 
which is also reported in [9]. At 24 eV being the final energy point in our scans, all fragments are in a 
decline with GF (205), b2 (221), b3 (278) and c3 (295) dominating the spectra at around 1% of the 
precursor ion intensity. 

4. Conclusions 

A linear quadrupole ion trap mass spectrometer was coupled to a synchrotron beamline to study the 
VUV photo-induced dissociation of gas-phase protonated Leu-enk cations. The present experiment 
extends previous studies by means of high spectral purity of the photon beam, increased sensitivity 
and mass resolution (in the case of VUV/ion trap results) and increased energy range. Presented mass 
spectra are in good agreement with the existing fragmentation data in the literature. The fragmentation 
of the Leu-enk peptide shows a clear and interesting energy dependence that can be related to 
electronic excitation processes, which will be investigated in more details in future papers.  
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Synopsis The novel approach of DNA origami structures as templates for precise quantification of various well-

defined oligonucleotides provides the opportunity to determine the sensitivity of complex DNA sequences to-

wards low-energy electrons.  

 Secondary low-energy electrons (LEEs) be-

long to the most important intermediates in 

DNA radiation damage. Strand breaks in the 

DNA backbone can be initiated by resonant 

electron attachment at different electron ener-

gies.1 Recent experiments suggest that single 

strand breaks (SSBs) strongly depend on the 

nucleotide sequence due to efficient coupling of 

the electronic states of the nucleobases by 

stacking interactions.2 A novel approach using 

DNA origami templates carrying different oli-

gonucleotide target sequences provides access 

to efficient and systematic determination of 

electron induced DNA strand break cross sec-

tions (see Figure 1).3 

Figure 1. 3D model of a triangular DNA origami struc-

ture carrying six well-defined oligonucleotides and biotin 

at the 5’ end. 

 We assembled a new instrument to irradiate 

specific oligonucleotide sequences on DNA 

origami templates with electrons of defined but 

variable energy from 2 to 50 eV (see Figure 2). 

First experiments are performed at 10eV, where 

a maximum of DNA single and double strand 

breaks was previously observed.4  

 The damaged oligonucleotides are analyzed 

with atomic force microscopy (AFM) and the 

well-defined shape of the DNA origami tem-

plates allows for a precise localization and thus 

quantification of DNA strand breaks at a single-

molecule level. The influence of the DNA se-

quence, e.g the telomere sequence, shall be ex-

plored. Furthermore, potential radiosensitizers 

such as 2-Fluoroadenine are used to study their 

influence on DNA strand break cross sections.  

Figure 2. 3D model of the instrument for oligonucleotide 

irradiation, equipped with vacuum pump, electron 

source, sample stage and manipulators. 
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Synopsis In this work we study the transmission of charged particles through a single cylindrically shaped metallic ca-
pillary of microscopic dimensions with a large aspect ratio. We used electrons as projectiles. Our results suggest the 
existence of guiding of the electron beam by a metallic capillary.  

In this work we investigate the guiding of 
electrons through straight and narrow metallic 
capillaries. The investigation of guiding of 
charged particles by metal capillaries is strongly 
motivated by the possibility of producing cheap 
alternatives to complex electron-optical tools.  

We have performed both the measurements 
and the classical calculations of electrons guid-
ing [1, 2, 3]. Since electrons cannot change their 
charge state, it is experimentally impossible to 
make a clear distinction between transmission 
of the primary and secondary electrons which 
correspond to elastic scattering. But using the 
classical simulation, we can identify and follow 
up all electron trajectories. We performed Mon-
te Carlo simulation assuming that after each 
inelastic collision a secondary electron is gener-
ated with kinetic energy directly estimated from 
the energy transfer [2, 3]. The created secondary 
electron is treated as a primary electron and the 
trace of its path is followed in the successive 
simulation procedure. 

Our experimental setup consisted of an elec-
tron gun, a straight cylindrical platinum capil-
lary, an energy analyzer and a channeltron as a 
detector. Pressure inside the vacuum chamber 
was 7x10-7 mbar. An inner radius of the capil-
lary was 3.3 mm, with 40.8 mm in length. Esti-
mated electron beam width at the entrance of 
the capillary was 0.9 mm with 0.3º angle diver-
gence. The initial electron energy was 200 eV. 
We found that a dominant fraction of electrons 
escaping from the capillary have energies 
smaller than the incident electron energy. Fig-
ure 1. shows the energy spectrum of electrons 
transmitted through a cylindrical platinum ca-
pillary. 

 

 
 
Figure 1. - Energy spectrum of electrons transmitted 

through platinum capillary [4]. 
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With the advent of modern mass spectrometry tools, as well as the electrospray 
ionization techniques, it has become possible to study large macromolecules in 
the gas phase. Recently Milosavljević et al [1] performed the action near edge X-
ray absorption fine structure (NEXAFS) of a protein, by coupling the soft X-ray 
beamline PLEIADES at SOLEIL synchrotron with a linear quadrupole ion trap 
mass spectrometer. Here, we present the results from an electron impact action 
spectroscopy of trapped Ubiquitin protein, by coupling the same mass 
spectrometer with a focusing electron gun [2, 3]. We also  compare the electron 
and photon impact results.  
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Figure 1. Single (a) and double (b) ionization yields from Ubiquitin 7+ precursor 
activated by electron impact.  
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