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Chapter 6

Femtosecond laser induced
ionization and dissociation of
gas-phase protonated leucine
enkephalin

We have combined a tandem mass spectrometer with a 780 nm fs-laser system
to study photoionization and photofragmentation of trapped protonated leucine
enkephalin cations for laser intensities between 2 × 1013 Wcm−2 and 1 × 1014

Wcm−2 and pulse durations of 15 fs. In this intensity range, the transition from
multiphoton ionization and excitation to tunneling ionization is expected to oc-
cur. The observed partial ion yield curves as a function of laser intensity exhibit
a power-law dependence, indicating multiphoton absorption to be the dominating
mechanism. Pump-probe studies were performed to investigate the time-evolution
of the multiphoton ionization process. The partial ion yields of almost all fragmen-
tation channels show a broad but distinct maximum at a delay-time of approxi-
mately 750 fs. The particularly flat appearance of the pump-probe curves suggests
that not a single resonance, but a broad distribution of resonances is involved.

Published:
Femtosecond laser induced ionization and dissociation of gas-phase protonated leucine
enkephalin Geert Reitsma, Olmo Gonzalez-Magaña, Oscar Versolato, Meike Door,
Ronnie Hoekstra, Eric Suraud, Bettina Fischer, Nicolas Camus, Manuel Kremer,
Robert Moshammer, and Thomas Schlathölter Int. J. Mass. Spectr. 365-366
365-371 (2014)
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6.1 Introduction

The combination of electrospray ionization (ESI) or matrix-assisted laser desorp-
tion ionization (MALDI) with tandem mass spectrometry has developed into a
standard tool for peptide and protein structure analysis [1]. Typical instruments
rely on molecular excitation, for instance by multiple collisions with inert gas atoms
(collision-induced dissociation, CID [2] ) or by collisions with surfaces (surface in-
duced dissociation, SID [2]), by blackbody infrared absorption [3, 4] or by absorp-
tion of photons from UV lasers [5]. Furthermore, complementary charge-changing
techniques such as electron capture dissociation (ECD) [6, 7, 8]) or absorption of
VUV photons [9, 10] and soft X-rays [11, 12] can be employed.

A relatively new development is the combination of high power femtosecond
laser pulses with mass spectrometry techniques. Depending on the laser peak
electric field, ionization/excitation can be explained either due to multiphoton ab-
sorption or electron tunneling, leading to the efficient production of product ions
that are often not accessible by conventional techniques.

In pioneering experiments, Kalcic et al. [13] have interfaced a high-power fs-
laser with a commercial ion-trap mass spectrometer to compare dissociation of
protonated peptides by CID and by fs laser induced ionization/dissociation (fs-
LID) using intense pulses (1013 − 1014 W/cm2) of 33 fs duration. For fs-LID
of singly protonated peptides, a fragmentation pattern of much better sequence
coverage was obtained, compared to what is achievable with CID. Therefore, it
was concluded that the technique allows for sequence analysis of singly protonated
peptides. In a subsequent study on protonated phosphopeptides, it was shown that
fs-LID is ideally suited to suppress the loss of labile neutral groups and to prevent
phosphate group rearrangement prior to dissociation [14]. Phosphorylation can
thus be unambiguously characterized.

In a similar type of experiment, Duffy et al. [15] have studied the interaction
of 100 fs pulses at 800 nm and at 267 nm for intensities in the ≈ 1011 − 1013

W/cm2 range with laser desorbed neutral amino acids and peptides. Mass spectra
dominated by immonium ions were observed, which was explained by ionization of
the most weakly bound molecular orbitals from either the amino group N lone pair
or from a sidechain. Interestingly, at 800 nm the N-terminal immonium ion yields
for protonated peptides are higher than those for the respective isolated amino
acids, suggesting photoionization induced charge migration.

Surprisingly, the ultrashort nature of the pulse itself has not been directly ex-
ploited, yet, in pump-probe type experiments. Clearly, fs pulse durations are pre-
destined for time-resolved studies of molecular dynamics on fs timescales.

In this article we thoroughly investigate the fs-LID as a function of laser inten-
sity for the protonated peptide leucine enkephalin ([YGGFL+H]+ with the amino
acid residues glycine (G) and leucine (L) (both aliphatic) as well as tyrosine (Y)
and phenylalanine (F) (both aromatic). Laser intensities are varied from 1013 to
1014 W/cm2. In this region the transition from multiphoton ionization to tun-
nel ionization is expected to take place. Subsequently, a dual-pulse pump-probe
scheme is employed to investigate the peptide dissociation dynamics in strong laser
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Figure 6.1: Sketch of the experimental setup

fields with fs time resolution.

6.2 Experiment

The experimental data have been obtained by interfacing a tandem mass spec-
trometer [16], home-built at the University of Groningen with the fs-laser system
at the Max-Planck-Institut für Kernphysik. The experimental setup is sketched in
fig. 6.1.

6.2.1 Mass spectrometer

Briefly, singly protonated [YGGFL+H]+ cations were produced in an electrospray
ionization source. The peptide was sprayed in methanol solution with a concentra-
tion of 36 µM and with addition of 1% of formic acid.

Electrosprayed ions were collected using a radiofrequency (RF) ion funnel and
guided into a collisionally focusing RF-only quadrupole for phase-space compres-
sion. An RF-quadrupole mass analyzer was used to select the desired [YGGFL+H]+

ions. The protonated peptides entered a three dimensional RF-quadrupole ion trap
through one of its end-caps. The base pressure inside the trap chamber was 1 ×
10−9 mbar. Trapping of the [YGGFL+H]+ ions was achieved by means of colli-
sional cooling with a helium buffer gas, which was applied during the trap loading
phase using a solenoid valve. Typical buffer gas pressures inside the trap were esti-
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mated at about 1 × 10−3 mbar and typical trap loading periods were a few 100 ms.
Outside the loading period, the peptide ion beam was electrostatically deflected. A
period of about 100 ms, leading to a pressure drop into the low 10−5 mbar range,
was found adequate to allow for sufficient pressure decrease for the photoioniza-
tion process. The RF ion trap was operated at ≈ 1 MHz at peak-to-peak voltages
around 2 kV. Under these conditions, only ions with an m/z exceeding ≈ 70 were
trapped, which is why the relatively high background pressure did not affect the
experiment.

The trap content was then exposed to laser pulses at a wavelength of 780 nm.
The estimated pulselength was ≈ 12 fs, at a repetition rate of 3 kHz with powers
between 30 mW and 300 mW. Depending on the laser power, the trap content was
exposed to 150 - 600 pulses (50-200 ms). Under these conditions, typically much
less than 10% of the trapped protonated peptides were photoionized and/or pho-
todissociated, i.e. less than 10% of photoionized peptides interacted with more than
one independent laser pulse. The actual contribution of double-pulse ionization to
the observed mass spectra is expected to be even lower, as such processes involve
photodissociation of photodissociation products. Mostly very small fragments were
created with an m/z below the trap threshold.

After the laser pulses, a second He buffer gas pulse was applied to the trap,
to collisionally cool dissociation products with high kinetic energies. Trapped pro-
tonated peptides and photoionization products were then extracted into a linear
time-of-flight (TOF) mass spectrometer (M/∆M ≈ 250) by applying a bias voltage
(Ubias ≈ ± 200 V, duration: 5 µs) to the RF-trap endcaps. The ions were detected
by a micro-channel-plate detector and read out by means of a 1 GHz digitizer. Typ-
ically, averaging of approximately 1000 digitizer traces yielded sufficient statistics
for a good quality mass spectrum.

To reduce the influence of laser interactions with residual gas molecules and to
account for fluctuations in the peptide flux from the ESI source, data was acquired
in 3 successive sub-scans through which the experiment cycled repeatedly: i) An
”inclusive” TOF spectrum according to the description above; ii) A TOF spec-
trum of electrosprayed peptides without photoabsorption (laser off); iii) A TOF
spectrum of the photoionized residual gas (ESI off). The latter two spectra were
then subtracted from the inclusive scan. A three-scan cycle took about 2-3 s.

6.2.2 Laser system

The laser pulses were delivered by a femtosecond Ti:Sa laser system installed at
the Max-Planck-Institut in Heidelberg [17], which features a repetition rate of 3
kHz, a pulse length of 25 fs and a pulse energy of 1 mJ.

A subsequent fiber compressor was used to further reduce the pulse length to
about 12-15 fs. To achieve this, the pulse bandwidth is broadened by passing the
beam through a 90 cm Ne-filled hollow glass fiber with an inner diameter of 250 µm.
This configuration ensures high laser intensity throughout the fiber with the Ne
acting as nonlinear medium. A mirror compressor consisting of 6 chirped mirrors is
used to compress the pulses to the desired length, taking into account the positive
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dispersion of air and glass on the way to the interaction region.
For the optional pump-probe mode, the laser beam can be passed through

a Mach-Zehnder interferometer. Here, a beam splitter is used to separate 50%
reflected and 50% transmitted light. In one interferometer arm, two mirrors are
mounted on a translation stage. This allows precise variation of the difference in
length of the interferometer arms (see figure 6.1). A second beam splitter is then
used to overlap the two beams in a way that both beams undergo transmission
and reflection, once. Since both beam splitters are identically constructed, both
pulses undergo the same amount of dispersion resulting in two identical pulses with
variable time separation.

The laser beam is focused into the center of the RF-trap by means of a focusing
mirror with a focal length of 0.4 m resulting in a focus diameter of about 40 µm.
Laser intensities correspondingly range from 1013 to 1014 W/cm2.

6.3 Results and discussion

6.3.1 Mass spectra

Typical mass spectra for multiphoton ionization of protonated leucine enkephalin
[YGGFL+H]+ are displayed in fig. 6.2 for the intensities 2.8×1013 W/cm2 (top),
5.5×1013 W/cm2 (center) and 1.1×1014 W/cm2 (bottom). The low mass cut-
off of the RF-ion trap is around m/z = 70. Fragments with m/z exceeding 318
are only formed with negligible intensities and accordingly, only the m/z range
from 70 to 350 is displayed. Clearly, the partial ion yields, i.e. the peak inten-
sities, exhibit the expected global increase with laser intensity (note the different
intensity scales in fig. 6.2). Clearly, the spectrum obtained at 2.8×1013 W/cm2

is dominated by the peaks at m/z=120, 136 and 278, which can be assigned to
the phenylalanine immonium ion (F), the tyrosine immonium ion (Y) and the b+3
fragment, respectively. Doubling the laser intensity to 5.5×1013 W/cm2 leads to a
drastic change of the mass spectrum. Now, the spectrum is dominated by tyrosine
and phenylalanine immonium ions (m/z = 136 and 120, respectively) and their
fragments (m/z = 107 (Y) and m/z = 91 (Y), (F)) . Furthermore, the following
peaks due to backbone scission are strong: m/z = 205 (GF, internal fragment
formed after rearrangement [18]), b+2 , c+2 and b+3 . A further increase of the laser
intensity to 1.1×1014 W/cm2 (see fig. 6.2) only weakly affects the fragmentation
pattern, but leads to approximately doubled peak intensities. Figure 6.3 displays
the YGGFL structure with indication of the bond scissions responsible for forma-
tion of the observed fragments and the structures of the immonium ions and the
related fragments. Fundamentally different [YGGFL+H]+ fragmentation patterns
are observed by using established mass spectrometric approaches such as collision
induced dissociation [19], surface-induced dissociation [20], and infrared multipho-
ton absorption [21]: Large fragments due to peptide backbone scission dominate
the spectra while only low yields of immonium ions are found.

The spectra are very similar to mass spectra of [YGGFL+H]+ photofragmenta-
tion products formed upon keV ion impact [16], VUV photofragmentation [22] or
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Figure 6.2: Mass spectra of the multiphoton ionization products from
[YGGFL+H]+ exposed to 12 fs 780 nm laser pulses. Top panel: laser intensity
2.8×1013 W/cm2; Center panel: laser intensity 5.5×1013 W/cm2; Bottom panel:
laser intensity 1.1×1014 W/cm2.

soft X-ray induced C 1s-π? transitions [12]. Interestingly, in [22] the Y and F immo-
nium ions were already observed for hν=8 eV, i.e. below the ionization threshold
and the progression of the mass spectrum as a function of photon energy resembles
the intensity dependence in fig. 6.2. This suggests that excitation rather than ion-
ization is dominant at low intensities (2.8×1013 W/cm2, fig. 6.2a). Absorption of
8 eV VUV photons is predominantly occurring on the peptide backbone. For the
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the case of intense 780 nm pulses, π − π? transitions in the aromatic sidechains,
could already be driven by 3 photon absorption. However, Tabarin et al. [23] have
shown that absorption of a (corresponding) 260 nm photon in [YGGFL+H]+ only
leads to formation of large sequence ions as well as to loss of neutral Y sidechains
with m/z = 107. The observed fragmentation pattern is thus fundamentally dif-
ferent from the one in fig. 6.2a. It has to be noted, that a fraction of the trapped
[YGGFL+H]+ ions are exposed to photons from two or more laser pulses. In that
case, internal vibrational redistribution of the excitation energy between the pulses
could lead to a fragmentation pattern shifted to smaller m/z. A more straightfor-
ward explanation, however, seems to be multiphoton ionization to higher excited
states, reached also by a single 8 eV photon.

With increasing laser intensity, ionization of the aromatic sidechains is expected
to set in first, as they have the lowest local ionization potential, leading to strong
fragment ions originating from these amino acids. Duffy et al. [15] have performed
photoionization studies with intense fs pulses on neutral amino-acids and small pep-
tides. It was found that for tyrosine (Y) and to a lesser extent for phenylalanine
(F) cations, photofragmentation spectra show strong contributions of the respec-
tive sidechain fragments. This finding was indeed rationalized by the low ionization
potentials of the sidechains. For the case of small peptides, the N-terminal immo-
nium ion (or a+

1 ion) was found to dominate the mass spectra, which is in contrast
to the present data in fig. 6.2b,c. It is important to realize, that while Duffy et
al. investigated neutral molecules, here the photofragmentation of a protonated
system is investigated. Polfer and coworkers [24] have shown that at room tem-
perature, gas-phase leucine enkephalin is most likely protonated on the N-terminal
NH2 group. Other protonation sites are only weakly populated. The presence of
the extra proton on the N-terminal increases the local ionization potential which in
turn suppresses photoionization at this site. Accordingly, in fig. 6.2 the Y related
fragment cations are clearly weaker than the F related ones.

At even higher pulse energies, additional energy is absorbed in the system, lead-
ing opening the neutral m/z = 107 loss channel (see fig 6.2c). Eventually, a third
class of peaks comprises a series of fragments due to backbone scission (b+2 , c+2 , b+3 ,
c+3 and b+4 ) which have subsequently cooled off excess energy by losing the tyrosine
side chain with m/z = 107 denoted in fig. 6.2 as b+2 − 107 etc.. These peaks have
been observed before in keV ion induced dissociation [16], VUV photoionization
[22] and soft X-ray photoionization [12].
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Figure 6.3: Top: Structure of the polypeptide leucine enkephalin (YGGFL) indi-
cating bond scissions leading to the N-terminal b2, c2, b3, c3 and b4 fragments as
well to the loss of the m = 107 moiety. Bottom: Structures of the immonium ions
and the related sidechain fragments.
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Figure 6.4: Partial ion yields of [YGGFL+H]+ upon interaction with 12 fs and
780 nm laser pulses as a function of laser intensity. Top panel: tyrosine and
phenylalanine immonium ions and related fragments and loss of the [YGGFL+H]+

precursor. Center panel: fragments due to backbone scission accompanied by loss
of the tyrosine sidechain fragment. Bottom panel: fragments due to backbone
scission. For selected fragment ions, a power-law fit is indicated as a dashed line
and labeled by the respective exponent (5.5 for (Y), 7.1 for c+2 − 107 and 5.7 for
b+2 ).
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6.3.2 Partial ion yields

For a given laser intensity, the partial ion yields can be determined by peak integra-
tion. In fig. 6.4, the partial ion yields of laser induced [YGGFL+H]+ fragmentation
are displayed as a function of laser intensity for the range from 2.1×1013 W/cm2 to
1.1×1014 W/cm2. The partial ion yields for all fragments as well as the trap loss
for the [YGGFL+H]+ precursor ion, start with a power-law like dependence which
levels off at the higher intensities. To understand the common shape, it is necessary
to briefly sketch the scenario of molecular ionization in intense laser fields. Ioniza-
tion can proceed either via a multiphoton absorption mechanism or via a tunneling
mechanism, depending on the laser intensity and the molecular ionization energy.
The separation between both regimes occurs in the region, where the Keldysh pa-
rameter γ =

√
Ip/2Up is around unity [25]. Here, Ip is the molecular ionization

potential and Up = e2E2
0/(4meω

2) is the ponderomotive potential with electron
charge e, electron mass m, electromagnetic field strength E0 and laser frequency
ω. For γ � 1, there is insufficient time for tunneling and multiphoton ionization
dominates, whereas tunneling dominates for γ � 1.

For the laser intensities from fig. 6.4 and an Ip = 8.87 eV for [YGGFL+H]+ [22],
the associated Keldysh parameters γ = 1.89 − 0.825 cover the transition region.
Various studies on fs-laser ionization of much smaller polyatomic neutral molecules
(e.g. benzene and related compounds [26, 27]; pyridine and related compounds
[28] and non-cyclic aromatic molecules [29]) have been performed. In those cases
the yields of singly charged parent ions behave very similar to the data displayed
in fig. 6.4: In the intensity regime between 1×1013 W/cm2 and 1×1014 W/cm2,
the yields typically follow a power law with exponents between 5 and 8. Around
1×1014 W/cm2, the yields level off due to saturation and the opening of multiple
ionization channels. Experimental evidence suggests, that in the γ ≈1 transition
regime, the mechanistic concepts multiphoton ionization and tunnel ionization both
are applicable [26, 27, 28, 29].

For smaller molecules, the order of multiphoton ionization processes can be
determined from the slope of the log-log plot and is generally equal to the minimum
number of photons necessary to reach the ionization level of the system [26]. For an
Ip = 8.87 eV and a photon energy of 1.59 eV, this implies a slope of 6. Fragment
specific exponents extracted from fig. 6.4 are summarized in table 6.1. The fits and
the respective slopes for m/z = 120 ((Y): 5.4), 131 (c+2 -107: 7.1) and 221 (b+2 : 5.7)
are indicated in the figure.

The experimental data fall exactly within the expected range. For 5 of the 13
fragments under study, a slope close to 6 is observed. At this point, we like to note
that i) the molecular ions treated here are fragment ions, which is why care has to
be taken when comparing to results from studies on intact molecular ions and ii)
the [YGGFL+H]+ target molecules are initially charged, which is why a fragment
molecular ion can be formed by dissociative multi photon absorption below the
ionization level. In addition, the intensity variation within the laser focus and the
presence of resonances can lead to deviations from the simple picture drawn in the
previous paragraphs. Lockyer and Vickerman [30] have for instance observed much
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Table 6.1: Slope of the linear part of the partial ion yield curves from fig. 6.4.
m/z assignment slope

91 (Y), (F) 6.0
107 (Y) 7.3
120 F 5.4
136 Y 6.0

114 b+2 -107 6.6
131 c+2 -107 7.1
171 b+3 -107 6.1
188 c+3 -107 6.1
318 b+4 -107 5.4
205 GF 6.0
221 b+2 5.7
278 b+3 5.1
295 c+3 7.1

lower slopes between 3.3 and 5.3 for 130 fs and 800 nm pulses interacting with
dipeptides at around 1×1011 W/cm2.

Remarkably small slopes around 5 are found for m/z = 120 (F), 318 (b+4 -107)
and 278 (b3). Interestingly, [YGGFL+H]+ VUV photodissociation spectra recorded
below the ionization threshold, i.e. at 8 eV or 9 eV, are dominated by the peaks
at m/z = 120 and 278. On the other hand, a number of fragment ions show
slopes around 7. There could be an ionization-site effect, as in complex molecules,
different sites can be associated with different local ionization potentials. For the
leucine enkephalin constituent amino acid residues, the lowest ionization potentials
are found for the aromatic amino acids tyrosine (Ip = 8.47 eV) and phenylalanine
(Ip = 9.4 eV) [31]. Density function theory calculations for [YGGFL+H]+ find the
highest occupied molecular orbitals on the tyrosine and phenylalanine aromatic
sidechains [22]. It is obvious, that the aromatic sidechains play an important role
in the multiphoton ionization of [YGGFL+H]+. Along the peptide backbone, e.g.
in the GG group of the molecule, the occupied molecular orbitals lie markedly
lower energetically, starting at 9.65 eV for gas-phase GG dipeptides [32]. To reach
these orbitals, absorption of at least 7 photons is necessary, which could explain
the higher slope of ≈ 7 for the fragments at m/z = 107 ((Y): 7.3), 131 (c+2 -107:
7.1) and 295 (c+3 : 7.1).

6.3.3 Pump-probe spectroscopy

The strongest intensity dependence of partial ion yields and fragmentation pattern
is found at low intensities (fig. 6.4) and this is where the pump-probe technique
was applied. The partial ion yield curves as a function of pump-probe delay for
identical pulses with intensities of 5.5× 1013 W/cm−2 are displayed in fig. 6.5.

The yields of all fragments follow a qualitatively similar curve. For pump-probe
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delays shorter than about 25 fs, the intensities peak sharply. This feature is easily
explained by a temporal overlap of the pump and probe pulses, giving rise to a
maximum intensity of 1.1×1014 W/cm2 at ∆t = 0. Starting at ∆t = 30 fs the
fragment ion yields decrease much slower towards a minimum around ∆t = 160 fs,
with a plateau and possibly even a small maximum in the ∆t = 40− 100 fs range.
The most obvious feature, is the strong increase towards an absolute intensity
maximum near ∆t = 750 fs. For longer delays, the fragment ion yields decrease
monotonically.

The existence of ionization maxima in strong field photoionization pump-probe
experiments is a well established fact. Already in the mid 90s it was shown, that
ionization of a diatomic molecule by an intense pump-pulse leads to increasing
molecular bond lengths [33, 34]. For a well defined intermediate bond length,
charge is forced to localize on one site in the molecule. The synergy between the
action of this charge and the laser electric field then gives rise to a dramatic increase
in electron tunneling, out of the combined field of attractive molecular potential and
laser electric field into the continuum (and thus in ionization probability), by the
second pulse [33, 34]. The charge-resonance enhanced ionization model developed
at the same time by Zuo and Bandrauk [35] gives similar results. The process is
strongest for alignment of the molecular bond along the laser polarization axis and
suppressed for perpendicular orientation. Clearly, for a complex molecule such as
a protonated peptide, the ionization dynamics are more complex, as a multitude
of bonds of different types, bond energies and orientations can contribute.

In pump-probe experiments on metal clusters similar maxima are observed,
which can be explained in a model where the pump pulse gives rise to cluster
ionization and subsequent expansion. The expansion, in turn, leads to a red-shift
of collective electron modes. For certain delay times the arrival of the probe pulses
becomes then resonant with a collective dipole mode and the coupling is most
efficient [36, 37].

Independent of the actual mechanism underlying the appearance of a maximum
in the partial fragment ion yields displayed in fig. 6.5, it is likely that the pump-
probe delay relates to the stretching of molecular bonds, triggered by the pump
pulse. The different fragment ions for which the respective yields are plotted as a
function of pump-probe delay, are the result of different ionization and fragmen-
tation processes. However, for all fragment ions, the delay dependent yield curves
are quite similar. Table 6.2 summarizes peak positions. Gaussians were found to
well reproduce the ∆t = 400 − 2200 fs region of the curves. As a measure of the
peak width, the ∆t at which the respective partial ion yield decreased to 50% of
the peak value can be extracted as half width half maximum of the Gaussian. The
results are given in table 6.2.

The partial ion yield curves all peak around ∆t=750 fs except for m/z=278,
where the peak is broader (hwhm=832 fs) and the maximum (∆t = 672 fs) is
reached early. It is possible, that besides b+3 , the peak at m/z=278 also has con-
tributions from the intact singly protonated dication [YGGFL+H]2+, which might
be formed by a different mechanism than the fragment ions. All other fragments
have hwhm between 550 and 750 fs.
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Figure 6.5: Partial ion yields of [YGGFL+H]+ upon exposure to two 12 fs and
780 nm laser pulses as a function of the pump-probe delay. The pulse intensities
were 5.5 ×1013 W/cm2. Top panel: tyrosine and phenylalanine immonium ions and
related fragments and loss of the [YGGFL+H]+ precursor. Center panel: fragments
due to backbone scission accompanied by loss of the tyrosine sidechain fragment.
Bottom panel: fragments due to backbone scission. All ion yields are normalized
to the value at ∆t = 2200 fs.
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Table 6.2: Location of the partial ion yield maxima and respective half peak widths
at half maximum for the data from fig. 6.5.

m/z assignment ∆t (fs) hwhm (fs)
91 (Y), (F) 740 554

107 (Y) 716 629
120 F 770 619
136 Y 756 605

114 b+2 -107 708 642
131 c+2 -107 754 590
171 b+3 -107 751 753
318 b+4 -107 771 660
205 GF 754 587
221 b+2 745 668
278 b+3 672 832
295 c+3 700 605

From the existing data, it is hard to conclude a definitive mechanism responsible
for the observed pump-probe maxima. A striking difference to existing experimen-
tal data on small molecules and on clusters is the particularly flat appearance of
the partial ion yield curves around their maxima. For metal clusters or for small
molecules, typically only a single resonance is the cause of maxima in partial ion
yields as a function ∆t [37]. Excitation or ionization of a large biomolecule by the
pump pulse leaves the resulting molecular ion far from its equilibrium conformation
resulting in evolution of the length and orientation of bonds on sub-ps timescales.
This re-arrangement brings potential energy surfaces closer together so that res-
onant single or multi-photon excitation or ionization by the probe pulse becomes
more likely. Given the many degrees of freedom in the molecule, many possible
transient resonances can be accessed but for different delay times, resulting in the
broad peak observed.

This would then imply that there is a large time span, during which the prob-
ability of passing a resonance is high. A necessary (but not sufficient) constraint
for this many-resonances-scenario is a high density of states of the system, which
most likely is met by a complex biomolecular system such as protonated leucine
enkephalin, which has a high density of valence states [22]. It has to be noted,
though, that in this scenario not all resonances should have the same fragmenta-
tion pattern as an endpoint. From fig. 6.5 and table 6.2 it is however clear, that
the partial ion yields depend in a very similar way on ∆t, which is not a clear
support for the many-resonances-model.
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6.4 Conclusion

The interaction of intense fs laser pulses with trapped ionic peptides mainly induces
formation of immonium ions, fragment ions originating from sidechains and small
sequence ions. The intensity dependences of the respective partial ion yields can
be described by power laws with a range of orders. For (YGGFL+H)+, mainly
exponents between 6 and 7 are observed, indicating that multiphoton ionization
rather than tunnel ionization is dominating between 1× 1013 Wcm−2 and 1× 1014

Wcm−2. For few fragments, such as the F immonium ion, exponents around 5
are observed and the underlying process can be concluded to be non-ionizative
excitation.

A two-pulse pump-probe investigation of the ionization and fragmentation clearly
shows a broad resonance which for most fragment ions peaks approximately at ∆t=
750 fs. The flat appearance of this maximum indicates, that a broad distribution
of resonances is involved in this process.
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