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a  b  s  t  r  a  c  t

We  study  the  break  up  of  OCS  in intense  femtosecond  laser  radiation  using  the  FEMPULS  technique
to  vary  the laser  pulse  duration  from  7 fs to 200  fs.  Newton  and  Dalitz  plots  show  the  progression  of
molecular  deformation  and  break  up for OCS3+ and  OCS4+. For  increasing  pulse  length,  the concerted
eywords:
oulomb imaging
olecular geometry

oncerted break up
tepwise break up
emtosecond laser
olecular deformation

three  body  dissociation  exhibits  increasing  bending,  and  the  amount  of  stepwise  dissociation  decreases.
For  the  longest  pulses  however  the  stepwise  process  increases  again.  Both  phenomena  can  be  interpreted
in  terms  of  the  effect  of  the laser  field  on lower  charge  states  and  the  behaviour  of  a wave  packet  on  a
saddle  point  potential.  The  experiment  illustrates  the  ability  of the  Coulomb  imaging  method  to  track
molecular  geometry  and  dynamics  and  indicates  a new  path to laser  control  of  molecular  parameters.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Intense femtosecond (fs) lasers are ideal tools for imaging
olecular structure and dynamics, and have been used for more

han twenty years initially through uncorrelated methods such as
omentum imaging [1–4] but more latterly through the power-

ul coincidence method of Coulomb Explosion Imaging (CEI) [5–7],
n particularly since the advent of hollow fibre compressors the
quilibrium structure of molecules has been within reach [8–13].
ore recently methods such as electron ion coincidence [14] and

igh harmonic tomography have also shown promise [15–18].
heoretical advances have identified the origin of phenomena
bserved experimentally such as charge resonance enhanced ioni-
ation (CREI) [19] and laser induced dynamics [20].

We have recently made an experimental advance [12,13] by
arying the pulse duration from few cycles (<10 fs) to 100 s of fs
nd making a series of careful measurements of fragmentation.
rucially we maintain a nearly constant ratio of final dissociation
roducts from triply and doubly charged molecular ions which

nsures we are exploring the same break up processes for each
ulse duration. This has revealed aspects of laser–molecule inter-
ction not visible in earlier work which used a fixed pulse duration

∗ Corresponding author. Tel.: +1 519 885 1211x36109.
E-mail address: j3sander@uwaterloo.ca (J. Sanderson).

ttp://dx.doi.org/10.1016/j.elspec.2014.05.003
368-2048/© 2014 Elsevier B.V. All rights reserved.
[1–11]. This improvement is analogous to the increase in informa-
tion retrieved about dynamics from a movie compared to a single
snapshot. The new multidimensional approach is referred to as
FEmtosecond Multi-PUlse Length Spectroscopy (FEMPULS) and has
enabled us to make significant advances in the understanding of
dynamics and ionisation dynamics in triatomic molecules. Firstly
in the case of CO2 [12], by monitoring the total kinetic energy
released (KER) of the observed dissociation channels from 3+ to
6+ using the 3D-ion-momentum coincidence method [5], we were
able to show that the KER from fragmentation on the 3+ charge state
is nearly constant with pulse duration even for few cycle pulses.
When we compare the KER with a simulation of the Coulomb
explosion (CE) assuming point-like ions, we  found that the mea-
sured energy release is around 70% of the Coulombic energy. This
contrasted with the higher channels such as 6+ (2,2,2) which exhib-
ited low energy release of close to 50% for long pulses, and high
energy release up to 90% for short 7 fs pulses. The pattern not only
revealed that the 3+ state is never Coulombic but also pinpointed
it as the state from which CREI to higher charge states is initiated.
In addition, by monitoring the individual energy released by the
respective fragment ions, we  showed that there was a progression
in the deformation of molecular structure with pulse duration. In

the case of N2O [13] we  focused on the low molecular charge 3+
and 4+ and were able to observe a new break up channel for the
shortest pulses (sub 7 fs) in which a metastable N2

2+ ion is gener-
ated, N2O3+ → N2

2+ + O+ → N+ + N+ + O+ as well as a new stepwise

dx.doi.org/10.1016/j.elspec.2014.05.003
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elspec.2014.05.003&domain=pdf
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hannel for 4+, N2O4+ → N2+ + NO2+ → N2+ + N+ + O+. Crucially we
sed the Dalitz plotting method [21] to express the structure of
he molecule for different lengths of exposure to the intense laser
adiation, and were able to effectively deduce aspects of stretching
nd bending.

Here we use the FEMPULS method, along with both Dalitz and
ewton plots, to determine the changes in structure and break
p processes for OCS in femtosecond laser pulses varying in pulse

ength from less than 7 fs to 200 fs. OCS structure and break up
as been studied previously using femtosecond laser interaction
22–24] or highly charged ion impact [24–26] but here we expect
o be able to reveal new aspects of processes such as metastable
reak up channels OCS3+ → CO2+ + S+ → O+ + C+ + S+, and how they
hange with pulse length.

. Experimental

The experiments were performed at the Advanced Laser Light
ource using the multi-kHz titanium–sapphire (Ti–Sa) laser system
KMLabs Dragon laser system; 5 kHz, 5 mJ,  35 fs pulse duration).
ew-cycle pulses (7 fs) are obtained using nonlinear propagation
n a hollow core fibre filled with Ar and by dispersion compensa-
ion using chirped mirrors. To achieve longer pulse duration, the
bre was evacuated. Using an acousto-optic programmable dis-
ersive filter located in the stretcher of the Ti–Sa amplifier, we
pplied second order dispersion (�(2)(fs2)) to achieve the desired
ulse duration. As in [12,13] we maintain the appearance of our
OF spectrum by adjusting the peak laser power so that the rela-
ive amounts of final triply and doubly charged fragment ions stays
onstant. Because enhanced ionisation becomes more important
or longer pulses, this results in intensities which vary between

 × 1015 for 7 fs pulses and 2 × 1014 W cm−2 at 500 fs. The laser
ulses are focused by a parabolic mirror (f = 10 cm)  on a well-
ollimated supersonic jet of OCS inside a uniform-electric-field ion
maging spectrometer. The fragments are detected and their full
D momenta are determined using a time- and position-sensitive
elay-line anode detector at the end of the spectrometer (Roent-
ek Handels GmbH). The atomic and molecular fragment ions were
easured in double or triple coincidence: COa+ + Sb+ and Oa+ + CSb+

r Op+, Cq+ and Sr+ (a + b = 2 or 3, p + q + r = 3 or 4). Ions are iden-
ified as the result of the fragmentation of a single molecule only
f their total momentum is close to zero (<5 × 10−23 kg m/s), using
his criteria we can distinguish between the degenerate S+ and O2+

ons as well as discriminate against ions resulting from more than
ne molecule [27].

. Results

One feature which emerges from the coincidence search for
odes of molecular ion break up for OCS at a pulse length of 7 fs is

he strong signal from binary dissociation channels which include
oubly charged molecular ions and result from multiply charged
olecular ions OCS3+ and OCS4+, CO2+ + S2+ and O2+ + CS2+ are both

resent in addition to CO2+ + S+ and O+ + CS2+ previously observed
n highly charged ion collision [25,26]. Although it is a new obser-
ation for laser induced dissociative ionisation the existence of
hannels which involve these species is not necessarily surpris-
ng as the nuclear interaction potential for the triply charged state
28] as with CO2 [20] is expected to be a saddle point in which
xpansion of one bond is the energetically favourable dissociation
ath. To confirm the form of the potential for OCS3+ we measure

he kinetic energy release distribution of the (1,1,1) channel. Fig. 1a
hows that the distribution for (1,1,1) [29] is largely unaffected by
ulse length up to 100 fs and peaks at around 64% of the expected
oulombic value. Since, for the shortest pulses, we  expect that the
d Related Phenomena 195 (2014) 332–336 333

molecule will be ionised before the bonds have a chance to expand,
this is a strong indicator that the 3+ potential is not Coulombic near
to equilibrium and in fact has a shallow minimum or ‘quasi bound’
region which stretches out to a local maximum. The position of this
maximum can be estimated from the ratio of energy released to
the expected Coulombic value, E/ECoulombic = 0.64 indicates that at
around 1.56Reqilibrium there is a maximum after which the potential
becomes Coulombic. This is in good agreement with calculations
of low lying potentials in OCS3+ [28]. Only for pulses of 200 fs and
higher, do the bonds stretch to the Coulombic region, where energy
begins to decrease with pulse length. By contrast the (1,1,2) chan-
nel shows significant decrease in energy for all increases in pulse
length, until the critical distance for enhanced ionisation is reached.
It appears from this that the OCS4+ potential is purely repulsive
when both bonds break. We  will return to this later.

In order to categorise the possible break up channels for the
3+ and 4+ channels we use the Dalitz plot method, a well estab-
lished technique for displaying the possible molecular dissociation
geometries in a two dimensional histogram [21]. The plot is typ-
ically used for symmetrical molecules but functions in a similar
fashion for the asymmetric OCS molecule where the total geomet-
rical phase space is represented by a diagonal oval. The histogram
is simply generated by plotting the fraction of energy carried by
the carbon ion along the y-axis while the difference in the fraction
of energy between the sulfur and oxygen ions is plotted along the
x-axis. The resulting space is a well defined oval where each point
represents specific arrangements of momentum vectors (Fig. 2a).
Though the geometry of the molecule and the momentum vec-
tors are related in a nontrivial way, a simple simulation shows
that the equilibrium geometry should appear on the Dalitz plot at
(0.11,−0.29).

Bending of the molecule in a concerted dissociation process
results in a reduced angle between the outside momentum vec-
tors and is associated with approximately vertical changes from the
equilibrium point on the Dalitz plot. This is indicated by a black oval
shown in Fig. 2b which shows the (1,1,1) channel for a 7 fs pulse.
Points further separated horizontally from the main distribution
represent increasing amounts of asymmetry in bond length and are
indicative of asynchronous break up. Fragmentation of OCS into a
metastable CO ion appears as a diagonal indicated by the dashed
red ovals in Fig. 2b while a break up which involves a metastable
CS ion appears as data along a diagonal indicated by the dashed
yellow ovals. The uniform density of the diagonals indicates the
molecular fragment behaves as a rigid rotor spinning away from
the remaining atomic ion [6,30]. It is worth noting that both of
these processes are strong in the case of OCS and are represented
on a linear intensity scale, whereas for the CO2 and CS2 molecules
[6,30] the stepwise process needed to be shown on log plots. To
further examine the stepwise processes we  use normalised New-
ton plots [30] of the (1,1,1) channel at 7 fs firstly with the O+ ion
as the frame of reference and secondly with S+. Fig. 3a shows the
momentum of the C+ and S+ ions relative to O+ with the concerted
channel represented by two intense islands, and the stepwise chan-
nel CS2+ + O+ represented by two  diffuse half rings (which are offset
from each other), a more faint feature consisting of horizontal jets
is explained by plotting momentum relative to the sulphur ion,
in Fig. 3b here a similar picture emerges but the diffuse ring now
represents the CO2+ + S+ channel and consists of the data points
which were present in the jets of Fig. 3a. Fig. 3c shows the Newton
plot for the (1,1,2) channel relative to S2+ again showing a diffuse
ring which represents CO2+ + S2+, in this case there are no faint jets
because there is no alternative stepwise channel. One feature of

these rings is their uniformity, which indicates the stability of the
molecular ion, such that it can perform many rotations before dis-
sociating. Estimates for CO2+ and CS2+ have ranged from 100 fs [30]
to picoseconds [6].
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ig. 1. Total kinetic energy release distributions for (a) the (1,1,1) channel and (b)
ength for (1,1,1) below 200 fs and by contrast, for (1,1,2), the peak value systemati

Fig. 4 shows the Dalitz plots from 7 to 200 fs, normalised so that
he peak signal is always the same colour, revealing morphological
ifferences as a function of pulse length. These Dalitz plots indi-
ate the progression of the molecular wave packet on the 3+ and
+ states, for short pulses the geometries are close to equilibrium
or the concerted channel. As the pulse gets longer the concerted
rocess spreads out along the vertical bending axis indicating that
he laser induced bending process proposed for CO2

6+ [12] also
xists for OCS. As in CO2, it is the potentials of lower charge states
n the laser field where the molecular bending takes place, before
t reaches 3+ and 4+. We  can also see that the central region of

he Dalitz plot (indicated by the black oval in Fig. 2b), showing
he concerted process, becomes wider with pulse length (in the x
imension) and that for longer pulses the region becomes wider at
he top than the bottom of the plot. Points on the Dalitz plot to the

ig. 2. Dalitz plot for the (1,1,1) channel of OCS at 7 fs. The x axis indicates the differen
he  y axis is fraction of energy release of the C ion. (a) The relationship between the poi

 to the left and O to the right. (b) Experimental data, the black oval indicates the conc
tepwise process in which the CS bond breaks first, OCS3+ → CO2+ + S+ → C+ + O+ + S+ and t
rst,  OCS3+ → CS2+ + O+ → C+ + O+ + S+. (For interpretation of the references to color in this
1,1,2) channel of OCS, showing that the peak value does not depend on the pulse
ecreases with increasing pulse length.

left or right of x = 0.11 indicate less concerted or progressively asyn-
chronous bond breaking while points above y = −0.29 indicate more
bending. The trend indicates that as the pulse length increases,
molecules bend more and bonds break more asynchronously. This
is not clear from the energy release of Fig. 1, which seems to indicate
that bonds are not changing below 200 fs because energy release is
not decreasing. In fact bonds are almost certainly stretching as they
bend as observed for higher channels [12] but the stretch must be
in a region of the potential which is relatively flat and so does not
lead to decreased kinetic energy release. The effect of pulse length
can be revealed more precisely in the Dalitz plot if they are nor-

malised to have the same total number of counts, then the peak
channels do not have the same number of counts from one plot
to the next but the plots effectively represent the spreading of the
final state wave packet, Fig. 5 shows such a normalised plot for the

ce between the fraction of total energy release (epsilon) by the O and S ions and
nts on the plot to the momentum vectors of the three fragments, the C is vertical,
erted processes (increase in y indicates bending), the dashed red ovals indicate a
he dashed yellow ovals represent a stepwise process in which the CO bond breaks

 figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Newton plots of (1,1,1) and (1,1,2) recorded at 7 fs. (a) Plot in which the O+ ion momentum has been normalised to 1 as indicated by the arrow, S+ momentum to
the  left and C+ to the right. The ring structures represent the stepwise process OCS3+ → CS2+ + O+ → C+ + O+ + S+. (b) Plot in which the S+ ion momentum has been normalised
to  1 as indicated by the arrow, C+ momentum to the left and O+ to the right. The ring structures represent the stepwise process OCS3+ → CO2+ + S+ → C+ + O+ + S+. (c) Plot in
which  the S2+ ion momentum has been normalised to 1 as indicated by the arrow, C+ momentum to the left and O+ to the right. The ring structure indicates the stepwise
process OCS4+ → CO2+ + S2+ → C+ + O+ + S2+. In all plots the bright green oval areas are from the concerted process and the diffuse region projecting from the rings represent the
alternate stepwise process, not present for OCS4+. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Dalitz plot of (1,1,1) channel from 7 to 200 fs (left to right 7, 30, 60, 100 and 200 fs) showing the vertical lengthening and widening of the concerted process. (b)
Similar process for (1,1,2).

Fig. 5. Normalised Dalitz plots of (1,1,2) channel (left to right 7, 30, 60, 100 and 200 fs) showing the depletion of the stepwise channel (diagonal) with pulse length up to
60  fs and its re-emergence at higher pulse length.
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ig. 6. Ratio of counts in the stepwise region to concerted processes region of Fig. 5
s a function of pulse length.

1,1,2) channel where only two processes are allowed for clarity.
s the pulse length is increased up to 60 fs, the diagonal signal rep-
esenting the stepwise process fades, and then begins to become
ore prominent again for longer pulses. This process can be seen
ore explicitly in Fig. 6 which shows how the ratio of stepwise to

oncerted processes vary with pulse length. This surprising con-
rol mechanism can be understood within the framework of field
nduced bending and stretching [20]. Sato et al. showed that for
O2, not only was bending initiated on the light dressed 2+ poten-
ial but that this was coupled with stretching, of the bonds. Their
alculations indicated that the light induced potential pushes the
olecule along the concerted coordinate stretching both bonds

ymmetrically, and giving the molecule momentum along the con-
erted break up coordinate. An important aspect of their calculation
as that the timescale for this process was of tens of femtoseconds.
e can understand the behaviour by thinking of the wave packet

n the 3+ potential as a classical ball rolling on a two  dimensional
addle point surface similar in form to that of the potential of Fig.

 of [20]. As with CO2 the 3+ potential has a local minimum fol-
owed by a maximum along the (y = x) diagonal (concerted bond
xpansion) and deep valleys along the x and y coordinates which
orrespond to stretching of the CO or CS bond only, with the CS
eing the deeper. Similarly for the 4+ state, the potential must have

 valley along the CS stretch coordinate giving rise to the stepwise
hannel and this is likely accompanied by a shallow local minimum
long the concerted coordinate. Evidence for this minimum from
ig. 1b is contained in observation that the peak energy released
s only slightly lower for 30 fs than it is for 7 fs. For OCS we  can
ee that for the shortest pulse length (sub 7 fs) the molecule passes
hrough the intermediate channels quickly and the wave packet
rrives on the 3+ and 4+ potential with little momentum. This lack
f momentum along the concerted coordinate means some of the
ave packet is directed down the favourable two body valleys in
hich only one of the bonds stretch. As the pulse length increases

he impulse delivered on the 2+ potential increases because the
olecule spends more time climbing the ionisation ladder and the
ave packet arrives on the 3+ and 4+ states with momentum in the

oncerted coordinate direction allowing it to overcome any local
aximum and diminishing the stepwise channel. With still fur-
her increase in pulse length however this concerted momentum
s again reduced because the peak intensity of the laser decreases,
ow the wave packet again has a chance to slide down the valleys
ather than overcome the saddle point maximum.

[

[

d Related Phenomena 195 (2014) 332–336

4. Conclusions

By using a compact representation offered by the Dalitz plot we
can see, without attempting any complex molecular reconstruction
process [31], how processes of molecular deformation and break
up develop as pulse length is changed. Three stepwise channels
have been identified, including one for the 4+ state. Furthermore,
by careful control of laser pulse length, from few cycle to 200 fs, we
can exert a degree of control over the final state molecular disso-
ciation channel for the OCS molecule. The behaviour observed fits
well into the picture predicted by [20] where the molecule is given
momentum by the laser field, along the concerted bond breaking
coordinate.
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