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Abstract

When femtosecond (fs) laser pulses irradiate hydrocarbon molecules, then many fragmentation channels evident in

nanosecond irradiation are bypassed, providing a strong analytically useful parent ion. However a number of molecules

show only a very small or indeed no parent ions and recent papers suggest that those that do not produce parent peaks

have cation transitions in resonance with the femtosecond laser wavelength. This Letter shows that this resonance effect

is not universal and some aromatic molecules not only show strong parent peaks but also doubly and triply ionised

entities when their cation absorption spectrum is strongly resonant at either the 800 or 400 nm or indeed both. � 2002

Published by Elsevier Science B.V.

1. Introduction

In the 1990s it was noticed that when a num-
ber of small as well as organic molecules were ir-
radiated with femtosecond (fs) laser light in the
intensity regime 1013–16 W cm�2, the strong frag-
mentation observed with nanosecond irradiation

was largely bypassed [1–4] leading to enhanced
parent ion production desirable for analytical
purposes and led to the development of femto-
second laser mass spectrometry (FLMS) [5–7].
Femtosecond laser irradiation of molecules has
been extensively reviewed recently [8,9].
It has however been noticed that strong parent

ionic mass production is not universally evident
and whenever the parent mass is not visible, ex-
tensive lower mass fragmentation invariably takes
place [10,11]. Markevitch et al. [12] have discussed
the relative ionisation/fragmentation yield as a
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function of molecular size. They observed an ex-
ponential increase in dissociation rate with in-
creasing number of atoms in the molecule and
have attributed this to, e.g., lower bond dissocia-
tion energies, higher rate of energy transfer from
electronic to nuclear co-ordinates and weaker
vibrational force constants. However another
possible explanation for increased fragmentation
has been forwarded in three recent papers
[11,13,14]. These studies have pointed out that in
the femtosecond irradiation regime, whenever
parent mass peaks are small or not visible, ac-
companied with extensive fragmentation, then the
excitation wavelength is resonant with the elec-
tronic absorption of the parent cations. Further-
more, Harada et al. [11] emphasise that if the
excitation wavelength is off-resonant then FLMS
is a promising analytical technique.
Whenever large parent mass peaks are visible,

multiply charged parent ions are also invariably
observed after femtosecond irradiation of organic
molecules. Although this has been observed in the
intensity regime 1013–15 W cm�2, most instances
occur for intensities greater then 1015 W cm�2,
leading to so called ‘atomlike’ behaviour of the
molecules [15,16].
The purpose of this Letter is to investigate the

femtosecond irradiation of a number of polycyclic
aromatic molecules which are known to have ca-
tion absorption spectra resonant with either the
400 or 800 nm or both wavelengths available in the
present experiment.

2. Experimental

The four polycyclic aromatics molecules an-
thracene ðC14H10, mass¼ 178.23), pyrene ðC16H10,
mass¼ 202.25), tetracene ðC18H12, mass¼ 228.29)
and chrysene ðC18H12, mass¼ 228.29) were ob-
tained from Sigma Aldrich.
The TOPS femtosecond laser [17] and the re-

flectron time-of-flight (ToF) mass spectrometer
used in the present experiment have been described
in detail elsewhere [18,19]. Briefly, the TOPS
femtosecond laser system is used for ionisation of
the nanosecond laser desorbed gas-phase mole-
cules. The Ti:Sapphire laser produces pulses of 800

and 400 nm wavelength with a duration of 80 fs.
The laser was linearly polarised with the E vector
direction parallel to the ToF axis. Attenuation of
the beam was achieved by using neutral density
filters and the pulse duration was measured using a
second-order autocorrelator.
In order to quantify any non-linear effects in the

laser beam, a value for the B integral (described
later) was calculated:

B ¼ 2pn2
k

Z z

0

Iðt; zÞdz; ð1Þ

where n2 is the non-linear refractive index of a
material, k is the wavelength and Iðt; zÞ is the in-
tensity of the laser pulse in the medium under
consideration. All optical components as well as
air paths were included in this integral. It is
thought that significant distortion of the beam can
occur when B is greater than 5. The value B � 3 in
this experiment suggests that beam is not dra-
matically distorted. A cross-correlation of the laser
pulse at 800 nm is shown in Fig. 1 revealing a small
pre-pulse and with an intensity contrast ratio of
about 1:103.
The intensities of the focused laser beam were

determined from the measured pulse energy and
width and with a calculated spot size and verified
using the known threshold laser intensities of the
different charged states of Xenþ.
Laser desorption of the solid samples was

achieved using the fourth harmonic output (266

Fig. 1. Cross-correlation of the 800 nm laser pulse containing

the following features: (a) pre-pulse at )6 ps; (b) reflection from
the SHG crystal at )3.4 ps; (c) post-pulse at 18 ps.
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nm, 5 ns) from a Nd:YAG laser focussed onto the
sample stub. The energy of the desorption laser
beam was controlled using an optical attenuator
and monitored using a joulemeter. Focussing the
�7 mm diameter beam using a 27 cm focal length
lens generated intensities up to 1� 1010 W cm�2.
The timing between the desorption and ionisation
laser pulses was accurately controlled using a
pulse/delay generator.
The reflectron ToF mass spectrometer used in

this experiment comprised a sample load-lock
(sample transfer system), source chamber and
flight tube. The source chamber and flight tube
were pumped to a base pressure of �10�9 Torr
using turbomolecular pumps. The powder samples
were dissolved in methanol, deposited onto the
sample stub and allowed to dry. Following evap-
oration of the solvent, the stub is admitted to the
chamber via a rotary-pumped load-lock and
transfer arm. Ion extraction and acceleration is
achieved using the sample stage and a two elec-

trode ion optic designed for this instrument [20].
An electrostatic potential of +2.7 kV is applied to
the sample stage with +2 kV and +520 V s being
applied to the first and second plates, respectively.
The ions are detected by a multi-channel plate
detector maintained at )2 kV. Signal output from
the detector is coupled to a Lecroy digital oscil-
loscope (9344C) for single-shot and averaged data
collection. A PC installed with GRAMS/32 soft-
ware, connected to the oscilloscope through a
GPIB interface, is used for data acquisition, mass
calibration and analysis.

3. Results and discussion

Femtosecond laser ionisation mass spectra for
the four molecules; anthracene, pyrene, tetracene
and chrysene are shown in Figs. 2–4. These were
taken with typical laser ablation intensities of
�3� 109 W cm�2 (apart from anthracene which

Fig. 2. A mass spectrum of anthracene (C14H10, m ¼ 178) post-ionised with 800 nm, 80 fs laser light at an intensity of

�2� 1015 W cm�2. The parent mass is the base peak and doubly and triply ionised entities are clearly seen. The cation absorption

spectrum is shown indicating the wavelength is resonant to some degree.
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was sublimed in to the vacuum) and with ionisa-
tion laser intensities of about 2–3� 1015 W cm�2.
The spectra were averaged over �1000 sweeps. It
can be seen that in all four spectra the parent is the
principal peak and that doubly ionised parent
peak envelopes are also visible. Moreover for an-
thracene and pyrene, triply ionised parent peak
envelopes can also be clearly seen. In each of the
figures the cation absorption spectrum is also
presented [21]. It can be clearly seen that consid-
erable absorption strength exists at both 800 and
400 nm for all molecules and in particular for
tetracene the two ionisation wavelengths are res-
onant with absorption peaks. For these four mol-
ecules, parent and multiply ionised parent entities
are the base peaks. This is contrary to the findings
in Refs. [11,13,14] which suggest that when the
ionisation laser wavelength is resonant with cation
absorption features the parent peak is small and
heavy fragmentation results. Detailed descriptions
of the fragmentation of these and other PAHs and
nitro-PAHs will be presented later [22,23].

Fig. 5 shows the mass spectra for the four mol-
ecules at 400 nm with typical intensities of between
5� 1014 and 9� 1014 W cm�2 and again the parent
masses are the base peaks with doubly ionised
parents also visible. The absorption spectra are
also shown with considerable strength at 400 nm.
The spectra for anthracene and tetracene shown

here differ considerably from the data present by
Markevitch et al. [12]. The femtosecond laser in-
tensities in the present work at both 400 and 800
nm are somewhat higher but despite this the
fragmentation is very much reduced. It should be
pointed out however that Markevitch et al. heated
their tetracene sample to augment the ion signal
whereas laser ablation was used in the present
case. Similarly for recent work with nitro-aromatic
samples Hankin et al. [24] noticed that laser ab-
lated samples followed by femtosecond ionisation
considerably reduced fragmentation over heating
followed by femtosecond laser ionisation.
Why the Markevitch data is so different from

the present spectra when the femtosecond lasers

Fig. 3. A mass spectrum of pyrene (C16H10, m ¼ 202) with the molecules laser desorbed with 5 ns, 266 nm at an intensity of

3� 109 W cm�2 and post-ionised with 800 nm, 80 fs laser light at an intensity of about 2� 1015 W cm�2. The parent mass is the base

peak and doubly and triply ionised entities are clearly seen. The cation absorption is again resonant.
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have rather similar wavelengths and pulse widths
is difficult to explain. It has been known for some
time that although the fragmentation and ionisa-
tion for the same molecules presented by different
groups using similar femtosecond lasers is quali-
tatively the same, quantitative differences exist.
Several possible explanations for this behaviour
exist. Muller et al. [25] attempted to explain these
discrepancies in terms of unwanted contributions
from non-linear effects in the laser beam as ex-
pressed by the B integral [26]. This is a deleterious
effect when a high intensity laser beam propagates
through a medium, e.g., optics and windows where
the index of refraction changes non-linearly with
the intensity. Significant distortion occurs when B

is of the order of 5. Muller et al. had a laser system
that had a B value of 1.7 but most authors do not
quote these values.
Other very important quality indicators for a

femtosecond laser system that could explain the
discrepancies are whether there are pre-pulses or
considerable amplified stimulated emission (ASE)
[27] associated with the ionisation pulse. If either
of these is present, an initial plasma could be set up
in the gas target affecting the interaction of the
main pulse. This has been shown to be crucial for
experiments [28] carried out at higher laser inten-
sities above 1018 W cm�2. Also it has been shown
by a number of authors, e.g., Assion et al. [29] that
tailoring femtosecond pulses using a computer

Fig. 4. A mass spectrum of (a) tetracene and (b) chrysene (C18H12, m ¼ 228) under the same conditions as in Fig. 3. The parent mass is

the base peak for both molecules and the doubly ionised entities are clearly seen. The cation absorption is again resonant.
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controlled pulse shaper can radically alter photo-
dissociation branching ratios. All femtosecond la-
ser systems have considerably different pulse
shapes as well as pulse lengths resulting in quan-
titatively different ionisation/fragmentation re-
sults. Finally the question as to how the variation
of the ion signal as a function of intensity within a
focused high intensity laser spot has been dealt
with in detail by El-Zein et al. [30] using a scanned
apertured detector. Depending on the size and
position of this aperture relative to the minimum
waist of the laser focus, the detection or lack of
detection of multiply charged species was ob-
served. Although this work was carried out using
xenon ions, similar results have been obtained with
multiply charged and fragmentation patterns of
CO2 [31]. In addition, recent work carried out by
the Glasgow group on nitro-aromatics [32] and

benzene [33] involved scanning the beam waist
over 3 cm in the beam direction perpendicular to
the ToF axis. The ion yield of the cations and high
mass fragments exhibited distributions which de-
pended critically on the position of the focal spot
in relation to the extraction aperture and were
symmetric for each ‘wing’ of the laser pulse. Any
one or a combination of the above could explain
the quantitative differences observed by research
groups for femtosecond fragmentation and ioni-
sation of organic molecules.

4. Conclusions

Femtosecond reflectron ToF mass spectra of
solid phase samples of anthracene, pyrene, tetra-
cene and chrysene have been recorded using the 5

Fig. 5. The combined mass spectra of the four molecules showing how similar the degree of fragmentation is at 400 nm and an in-

tensity of about 8� 1014 W cm�2. The degree of resonance with the cation absorption spectrum varies without greatly affecting the

degree of fragmentation.
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ns fourth harmonic output from a Nd:YAG laser
for desorption and 800 and 400 nm 80 fs pulse
duration for photoionisation. This was expressly
carried out to investigate whether the fact that the
cation absorption spectrum of these molecules
being resonant with the femtosecond laser wave-
lengths caused excessive fragmentation. It was
shown that for these four molecules at the two
wavelengths, the parent mass was the base peak
and that doubly ionised (for all) and triply ionised
(for anthracene and pyrene) were evident. This is
contrary to the findings of the authors [11,13,14]
who suggested that when resonance exists, little or
no parent ions accompanied by extensive frag-
mentation result. It was also shown for anthracene
and tetracene that the present spectra differ to
some degree with the data presented by Markev-
itch et al. [12] for very similar laser systems. A
number of possible explanations for this behaviour
were suggested, differing B integrals, pre-pulse and
ASE differences, pulse shape and length differences
as well as the magnitude of the ion extraction
volume of the mass spectrometer.

Acknowledgements

L.R. and A.D.T would like to thank EPSRC
for postgraduate studentships and P. McK ac-
knowledges receipt of an EPSRC RA. Award.

References

[1] M.J. DeWitt, R.J. Levis, J. Chem. Phys. 102 (1995)

8670.

[2] K.W.D. Ledingham, C. Kosmidis, S. Georgiou, S. Couris,

R.P. Singhal, Chem. Phys. Lett. 247 (1995) 555.

[3] K.W.D. Ledingham, H.S. Kilic, C. Kosmidis, R.M. Deas,

A. Marshall, T. McCanny, R.P. Singhal, A.J. Langley, W.

Shaikh, Rapid Commun. Mass Spectrom. 9 (1995) 1522.

[4] C. Kosmidis, K.W.D. Ledingham, H.S. Kilic, T. McCan-

ny, R.P. Singhal, A.J. Langley, W. Shaikh, J. Phys. Chem.

A 101 (1997) 2264.

[5] D.J. Smith, K.W.D. Ledingham, H.S. Kilic, T. McCanny,

W.X. Peng, R.P. Singhal, A.J. Langley, P.F. Taday, C.

Kosmidis, J. Phys. Chem. A 102 (1998) 2519.

[6] D.J. Smith, K.W.D. Ledingham, R.P. Singhal, H.S. Kilic,

T. McCanny, A.J. Langley, P.F. Taday, C. Kosmidis,

Rapid Commun. Mass Spectrom. 12 (1998) 813.

[7] C. Weickhardt, C. Grun, R. Heinicke, A. Meffert, J.

Grotemeyer, Rapid Commun. Mass Spectrom. 11 (1997)

745.

[8] K.W.D. Ledingham, R.P. Singhal, Int. J. Mass Spectrom.

Ion Processes 163 (1997) 149.

[9] N. Nakashima, S. Shimizu, T. Yatsuhashi, S. Sakabe,

Y. Izawa, J. Photochem. Photobiol. C 1 (2000) 131.

[10] P. Tzallas, C. Kosmidis, K.W.D. Ledingham, R.P. Singhal,

T. McCanny, P. Graham, S.M. Hankin, P.F. Taday, A.J.

Langley, J. Phys. Chem. A 105 (2001) 529.

[11] H. Harada, S. Shimizu, T. Yatsuhashi, S. Sakabe, Y.

Izawa, N. Nakashima, Chem. Phys. Lett. 342 (2001) 563.

[12] A.N. Markevitch, N.P. Moore, R.J. Levis, Chem. Phys.

267 (2001) 131.

[13] R. Itakura, J. Watanabe, A. Hishikawa, K. Yamanouch,

J. Chem. Phys. 114 (2001) 5598.

[14] W. Fuß, W.E. Schmid, S.A. Trushin, J. Chem. Phys. 112

(2000) 8347.

[15] K.W.D. Ledingham, D.J. Smith, R.P. Singhal, T. McCan-

ny, P. Graham, H.S. Kilic, W.X. Peng, S.L. Wang, A.J.

Langley, P.F. Taday, C. Kosmidis, J. Phys. Chem. 103

(1999) 2952.

[16] M. Castillejo, S. Couris, E. Koudoumas, M. Martin,

Chem. Phys. Lett. 308 (1999) 373.

[17] D.A. Jaroszynski, B. Ersfeld, G. Giraud, S. Jamison,

D.R. Jones, R.C. Issac, B.M.W. McNeil, A.D.R. Phelps,

G.R.M. Robb, H. Sandison, G. Vieux, S.M. Wiggins,

K. Wynne, Nucl. Instrum. Meth. Phys. Res. 445 (2000)

317.

[18] S.M. Hankin, X. Fang, K.W.D. Ledingham, R.P. Singhal,

T. McCanny, L. Robson, A.D. Tasker, C. Kosmidis, P.

Tzallas, A.J. Langley, P.F. Taday, E. Divall CLF RAL

Annual Report 1999-00, RAL-TR-2000-034, p. 89.

[19] I.S. Borthwick, Ph.D. thesis, University of Glasgow, 1993.

[20] C.J. McLean, P.T. McCombes, R. Jennings, K.W.D.

Ledingham, R.P. Singhal, Nucl. Instrum. Meth. Phys.

Res. B 62 (1991) 285.

[21] T. Shida, Electronic Absorption Spectra of Radical Ions,

Elsevier, New York, 1988.

[22] L. Robson, A.D. Tasker, K.W.D. Ledingham, T. McCan-

ny, P. McKenna, C. Kosmidis, P. Tzallas, D.A. Jaroszyn-

ski, D.R. Jones, R.C. Issac, S. Jamison (submitted for

publication).

[23] A.D. Tasker, L. Robson, K.W.D. Ledingham, T. McCan-

ny, P. McKenna, C. Kosmidis, P. Tzallas, D.A. Jaroszyn-

ski, D.R. Jones, R.C. Issac, S. Jamison, J. Phys. Chem. 106

(2002) 4005.

[24] S.M. Hankin, X. Fang, K.W.D. Ledingham, T. McCan-

ny, L. Robson, A.D. Tasker, P. McKenna, C. Kosmidis,

P. Tzallas, D.A. Jaroszynski, D.R. Jones, R.C. Issac, S.

Jamison, Rapid Commun. Mass Spectrom. 16 (2002)

111.

[25] A.M. Muller, C.J.G.J. Uiterwaal, B. Witzel, J. Wannere,

K.-L. Kompa, J. Chem. Phys. 112 (2000) 9289.

[26] M.H.R. Hutchinson, Contemporary Phys. 30 (1989) 355.

[27] J.-C. Diels, W. Rudolph, Ultrashort Laser Pulse Phenom-

ena, Academic Press, San Diego, CA, 1996.

388 L. Robson et al. / Chemical Physics Letters 360 (2002) 382–389



[28] M.I.K. Santala, M. Zepf, I. Watts, F.N. Beg, E. Clark, M.

Tatarakis, K. Krushelnick, A.E. Dangor, T. McCanny, I.

Spencer, R.P. Singhal, K.W.D. Ledingham, S.C. Wilks,

A.C. Machacek, J.S. Wark, R. Allott, R.J. Clarke, P.A.

Norreys, Phys. Rev. Lett. 84 (2000) 1459.

[29] A. Assion, T. Baumert, M. Bergt, T. Brixner, B. Kiefer, V.

Seyfried, M. Strehle, C. Gerber, Science 282 (1998) 919.

[30] A.A.A. El-Zein, P. McKenna, W.A. Bryan, I.M.G. John-

ston, T.R.J. Goodworth, J.H. Sanderson, I.D. Williams,

W.R. Newell, P.F. Taday, E.J. Divall, A.J. Langley, Phys.

Scripta T92 (2001) 119.

[31] P. McKenna, private communication.

[32] A.D. Tasker, L. Robson, K.W.D. Ledingham, T. McCan-

ny, P. McKenna, C. Kosmidis, P. Tzallas, D.A. Jaroszyn-

ski, D.R. Jones (to be submitted for publication).

[33] L. Robson, A.D. Tasker,, K.W.D. Ledingham, T. McCan-

ny, P. McKenna, C. Kosmidis, P. Tzallas, D.A. Jaroszyn-

ski, D.R. Jones (to be submitted for publication).

L. Robson et al. / Chemical Physics Letters 360 (2002) 382–389 389


	Ionisation and fragmentation of polycyclic aromatic hydrocarbons by femtosecond laser pulses at wavelengths resonant with cation transitions
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


