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The products formed following the photodissociation of UV (200 nm) excited CS2 are monitored in a time resolved
photoelectron spectroscopy experiment using femtosecond XUV (21.5 eV) photons. By spectrally resolving the elec-
trons we identify separate photoelectron bands related to the CS2 +hν −→ S(1D)+CS and, CS2 +hν −→ S(3P)+CS
dissociation channels which show different appearance and rise times. The measurements show that there is no delay
in the appearance of the S(1D) product contrary to the results of J. Chem. Phys. 147, 013932 (2017). Analysis of the
photoelectron yield associated with the atomic products allows us to obtain a S(3P)/S(1D) branching ratio and the rate
constants associated with dissociation and intersystem crossing rather than the effective lifetime observed through the
measurement of excited state populations alone.

I. INTRODUCTION

The dissociation dynamics of CS2 have been the subject
of numerous time and frequency resolved studies.1–12 Despite
its structural simplicity it shows surprisingly complex disso-
ciation dynamics involving competing dissociation channels
and internal conversion (IC) and intersystem crossing (ISC)
processes. Following excitation around 200 nm the initial vi-
brational dynamics drive IC and ISC processes that lead to
the formation of dissociation products. The dissociation leads
to the formation of the electronic ground state of CS(1Σ+) in
conjunction with either the S(1D) atomic fragment from the
manifold of singlet excited states populated, or with the S(3P)
fragment following the ISC process. The overall reaction can
therefore be represented as follows.

CS2 +hν(200nm) =⇒ CS(1Σ+)+S(1D)
CS(1Σ+)+S(3P)

The excited state dynamics have been studied in detail
with numerous ion yield and photoelectron spectroscopy
experiments monitoring the dynamics in the initially excited
singlet states.1,3–5,8,12 Recent experiments utilising XUV
(21.5 eV) and VUV (9.3 eV) photons have extended these
measurements to cover the time resolved detection of the
formation of the dissociation products.2,10 In the previous
analysis of our XUV experiments, the populations of the
singlet and triplet excited states and the formation of the
dominant triplet state products were resolved and the lifetimes
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associated with the ISC and triplet dissociation were clearly
identified.2 The signals related to the singlet dissociation
channel proved harder to isolate over the course of the full
reaction meaning the final yield and appearance time was
difficult to confidently define. The analysis suggested an
initial rapid rise in singlet population that was then slowed by
the internal conversion process which potentially stabilised
the system against further singlet dissociation.2

In the VUV probe experiments of Horio et al,10 the
formation of the S(1D) product was detected via ionisation
through the population of autoionising resonances embedded
in the S+(4S3/2) ionisation continuum. Direct ionisation into
the S+(4S3/2) continuum is a spin forbidden process for the
S(1D) product, but the population of autoionising resonances
means this process can be driven indirectly. The rising signal
associated with the formation of S(1D) products overlapped
with the falling signal associated with the excited singlet
state. The signal in the spectral region containing the S(1D)
signal was therefore a mixture of the two components. In
order to obtain a good fit to the signal, it was necessary to
invoke a delay of some 400 fs after time zero for the rising
signal associated with the appearance of S(1D) fragments.
It was suggested that the delayed formation of the S(1D)
product could be due to an indirect dissociation process where
the outgoing wavepacket is trapped on a part of the excited
state potential energy surface that has a lower ionisation
cross section.10 The two experiments therefore provide quite
contrasting pictures of the singlet dissociation process and
the formation of the singlet product.

Another area where there remains some uncertainty is
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in the branching ratio (BR) of S(3P)/S(1D). A number of
measurements have been performed (predominantly at the
slightly shorter wavelength of 193 nm) that provide widely
varying values from 0.25 to 6.9,11,13–19 The average value
is around 3 but with a large variance.9 It is very difficult
to understand such a wide range of values apart from there
perhaps being a strong wavelength dependence such that
slight changes in vibrational state can cause large differences
in BR.

Here we perform a new analysis of the XUV (21.5 eV)
photoelectron spectroscopy data and find a clear region
of the photoelectron spectrum where we can monitor the
formation of the S(1D) product and compare this with the
previously measured S(3P) product. We also analyse the
photoelectron yield associated with each product and obtain a
new measure of the BR at an excitation wavelength of 200 nm.

II. EXPERIMENT

The experiment has previously been described in Smith
et al.2 such that we only provide brief details here. Approx-
imately 1 µJ of 200 nm (6.2 eV) light is used as the pump
which is generated via sequential second harmonic generation
and sum frequency generation processes in BBO. The probe
is generated via high harmonic generation using 500 µJ of
400 nm light which is tightly focused into an argon filled
gas cell. The 7th harmonic (57.7 nm, 21.5 eV) is isolated
from the other harmonics produced in a time preserving
monochromator. The isolated harmonic is subsequently
reflection focused to the centre of the interaction region
where it overlaps the pump laser and molecular beam. The
laser cross-correlation time is 180 fs and is dominated by
the duration of the 200 nm pulse. The CS2 molecular beam
is generated by the expansion of a 2% CS2 in He mixture
through a pulsed nozzle operating at 1 kHz (Amsterdam
Cantilever).20 The resulting beam is skimmed before entering
the measurement chamber. The electrons resulting from
the ionisation of CS2 are detected in a commercial electron
time of flight spectrometer (Kaesdorf ETF11) with the laser
polarisations of both the pump and probe parallel to the time
of flight axis.

III. RESULTS AND DISCUSSION

In figure 1 we plot three photoelectron spectra associated
with ionisation of ground state CS2 and of the dissociation
products, along with assignments based on known ionisation
potentials.21–23 In black we plot the XUV photoelectron
spectrum obtained from ionisation of the ground state of CS2.
The binding energy axis is defined as the ionising photon
energy (21.5 eV) minus the measured electron kinetic energy.
The spectrum shows the positions of the X and A bands
associated with ionisation of the ground state23 and is used as
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FIG. 1. Photoelectron spectrum obtained from ionisation of the
electronic ground state of CS2 (black). The two peaks correspond
to ionisation into the ground and A states of the cation. Back-
ground subtracted photoelectron spectrum obtained after dissocia-
tion is complete, following subtraction of the the full background in-
tensity (blue) and subtraction of a scaled version of the background
equivalent to the unpumped ground state population (red). Combs
above the spectra mark the expected positions of photoelectron bands
based on known ionisation potentials.

the background for the experimental measurements. In Smith
et al.2 we subtracted the full intensity profile of this back-
ground signal from all delays. The background subtracted
spectrum obtained in this way at asymptotically long time
delays between pump and probe (i.e. after dissociation is
complete) is plotted in blue in figure 1. The spectrum shows
many of the peaks associated with the atomic and molecular
products as well as depletion of the ground state signal. For
the full analysis of the time dependent changes this method of
background subtraction provides a clear baseline from which
changes can be measured, but also masks signals related to
product formation that may overlap with those associated
with the ground state molecule. This effect can be most
clearly seen in the region of the spectrum associated with
ionisation into the CS2 X-state, 10 eV, where the depletion
is not uniform over the full peak profile. This is due to
the overlap with a photoelectron energy associated with
ionisation of the S(3P) fragment on the high binding energy
edge.21 A better approach in this situation is to subtract a
scaled version of the background spectrum that matches
the unpumped contribution to the overall signal, therefore
only plotting the signal associated with molecules that are
excited by the pump. In order to characterise the correct
scaling we look at the depletion of the X state signal from
the ground state spectrum. As mentioned, at long delays the
asymptotic spectrum has signal associated with ionisation
of the S(3P) product which overlaps with the higher energy
edge of the X-state signal. The peak is sufficiently broad that
the lower energy edge does not overlap the product signal
such that we subtract a scaled version of the background
that leaves the lower energy half of the X-state peak at an
average of zero intensity following subtraction. This analysis
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FIG. 2. Time resolved photoeletron spectrum following scaled back-
ground subtraction covering the energy region associated with the
dissociation products formed. Assignments of the spectral features
are given by the combs on the right hand side of the figure.

suggests we are exciting 1.75% of all of the molecules that
are subsequently ionised by the XUV probe. The results of
the scaled subtraction on the asymptotic spectrum are plotted
in red in figure 1. This background subtraction procedure for
removal of the unpumped background has the advantage that
we can now see the full spectrum associated with the products
formed and can start to quantify these.

In figure 2 we plot the full time resolved spectrum obtained
following the subtraction of the unpumped background over
the energy region that covers the product formation. The
same scaled background subtraction is used at each time
point. The spectrum shows the depletion of the ground
state features and the transition to the spectrum associated
with the products formed. In the previous analysis of this
data we could quantify the appearance of the triplet state
product which correlated well with the measured excited state
dynamics. The singlet state formation was much less easily
defined with the signal masked by the dominant triplet state
products formed. Based on the spectrum plotted in figure
1 we see the clearest product state signal between the two
main ground state features, between 10.5 – 12.5 eV. The
time dependent spectrum shows that the lower energy region
associated with formation of the S(1D) product rises more
rapidly than the S(3P) product.

In order to quantify this, in figure 3 we plot the integrated
photoelectron yield between 10.8 – 11.1 eV and 12.1 – 12.2
eV, which correspond to formation of the S(1D) and the
S(3P) products respectively, in figure 3. The S(1D) signal
is seen to rise more rapidly that the S(3P) signal which, as
shown in reference2, rises after population and subsequent
decay of the excited triplet electronic states of CS2. To
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FIG. 3. Integrated photoelectron yield across the energy bands asso-
ciated with the S(1D) (blue) and S(3P) (red) products. Error bars are
obtained from a bootstrap analysis of the data, with the shaded areas
representing the range of fits obtained in this analysis to equations
1 and 2. The obtained appearance times for the singlet and triplet
products are 518±27 fs and 685±14 fs respectively. The dashed
black line represents the expected signal based on the model and fit
parameters for the singlet formation observed in the work of Horio
et al.10

quantify this difference and to analyse the temporal profile
of each product in a unified way we use the same kinetic
model as used in Smith et al.2 The model breaks down the
dynamics of the system into 5 distinct populations that track
the dynamics of the system. Absorption of a photon transfers
population from the ground state, CS2(X), into the excited
singlet states, CS2(S). The CS2(S) population decays into
the excited triplet states, CS2(T) leading to the formation
of triplet dissociation products, S(3P). The population that
does not transfer into the triplet states dissociates to form the
singlet, S(1D), dissociation product. The singlet and triplet
dissociation pathways form parallel competing reactions
given in the following reaction scheme,

CS2(X) hν CS2(S)
kSD

CS+S(1D)
k
ISC

CS2(T)
kT D

CS+S(3P)

where kSD and kISC are the rate constants associated with
the decay of the initially excited singlet states into the singlet
dissociation channel and into the excited triplet state respec-
tively. The ratio of kISC to kSD then defines the branching
between the two dissociation pathways and the total decay
rate of the excited singlet state is given by KS = kSD + kISC.
The kT D rate constant then defines the decay rate of the triplet
state to dissociated products and hν represents the laser pulse
parameters that define the excitation step. By applying this
model we discretise the population into 5 distinct chemical
species and obtain equations that define the time-dependent
intensity of each chemical species and include the convolu-
tion with the instrument response function defined by the laser
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cross-correlation. The equations used for the atomic products
formed are then given by:

IS(1D)=A1

([
1+erf

( t√
2σ
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where Ax are amplitude terms that define the maximum
yield, t is the pump-probe delay, σ defines the laser cross-
correlation width, and all other terms are as defined above.
We note that although we only present the data associated
with the products formed here, the fits performed use the full
data set including the populations of the bound molecular
states as presented in Smith et al.2 In order to obtain errors
on the fit parameters, we perform a bootstrap analysis of the
full data set, the results of which are plotted in figure 3. The
red and blue shaded regions show the range of fits obtained
from the bootstrap analysis, which all show clear differences
between the singlet and triplet formation. The values obtained
from the fits are consistent with the previous analysis across
all populations considered and a rise time constant for the
S(1D) product of 617±37 fs is obtained. This is in line
with the previously measured lifetime of the singlet excited
state and consistent with a prompt dissociation of the CS2
molecule. We see no evidence of a delayed appearance of
the dissociation products, which instead show an increase in
line with a kinetically controlled dissociation of the singlet
state population. An alternative approach to quantifying the
appearance of the fragments is through the appearance time
as defined as the delay at which the intensity reaches 50% of
the its maximum. The appearance times for the S(1D) and
S(3P) are 517±27 fs and 685±14 fs respectively.

This is quite different to the work of Horio et al.10 where a
393 fs induction time-delay between initial excitation and the
beginning of the rise of the S(1D) signal was observed. They
also observed a much slower rise time constant of 875 fs.
To highlight the difference in appearance, we plot the S(1D)
product signal based on the model and fit parameters of Horio
et al.10, but utilising our laser cross-correlation width, as a
dashed line in figure 3. The dashed line is a poor fit to the
data, suggesting that any induction time is minimal. We have
further tested this by fitting our data to the model of Horio et
al. In all fits, the induction time converged to a value of close
to 0. We suggest that the delayed appearance of the S(1D)
product in the VUV experiments of Horio et al.10 may be due
to the existence of a critical C-S separation for the resonant
excitation and autoionisation dynamics required for detection.
Such an effect is often seen in the detection of dissociation
products via resonance enhanced multiphoton ionisation
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FIG. 4. Deconvolution of the scaled background subtracted photo-
electron spectrum used to obtain the S(3P)/S(1D) branching ratio.
The black line represents the total fit to the scaled background sub-
tracted spectrum, which is plotted as a pale blue line. The individual
Gaussian contributions to the overall fit are also plotted and colour-
coded to match the colour of the combs.

(REMPI) detection of products where critical distances can
be very large. A careful analysis of the resonance conditions
for REMPI detection of the I fragment from the photolysis
of CH3I puts this distance on the order of 13 Å.24 If there is
a similar situation in the VUV experiments the delay would
correspond to the time taken to reach this critical distance and
the long time constant associated with the subsequent rise
would then reflect the very broad velocity distribution of the
S(1D) fragments. Given the much lower ultimate velocity of
the S fragments in CS2

6 compared with the CH3I example,
the 400 fs delay would correspond to a critical separation of
around 4 Å.

Finally, we perform a deconvolution of the background-
subtracted photoelectron spectrum based on a combination of
Gaussians centred on the expected positions of the fragment
photoelectron peaks, shown in figure 4. The deconvolution al-
lows us to take the photoelectron yield for the S(1D) and S(3P)
as measured by the sum total of all of the peak areas associated
with each atomic fragment. For the CS signal around 12.8 eV
we use a sum of two Gaussians to approximate the vibrational
structure observed in previous high resolution experiments.22

No further scaling is applied due to the ionisation cross sec-
tion at the probe wavelength being approximately equal for
each S electronic state.18 Performing this analysis we obtain
a S(3P)/S(1D) branchng ratio of 2.3 which is in good agree-
ment with the average value at 193 nm. We are unaware of
any measurements at this exact pump wavelength. Based on
the measured branching ratio and assuming the branching is
defined by the competition between singlet dissociation and
ISC, we obtain time constants of 885±50 fs and 2.0±0.1 ps
for the ISC and singlet dissociation processes respectively.

IV. SUMMARY

We have presented a new analysis of experimental measure-
ments that monitor the formation of dissociation products of
CS2 using a femtosecond XUV (21.5 eV) photoelectron spec-
troscopy probe. Through deconvolution of the photoelectron
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τSD (1/kSD) τISC (1/kISC) τS (1/KSD) BR TS TT
2.0±0.1 ps 885±50 fs 617±37 fs 2.3 518±27 fs 685±14 fs

TABLE I. Summary of key parameters obtained from the data analysis. Time constants, τx, as defined in the text and obtained from the fit,
Branching ratio, BR, obtained from the deconvolution of the final spectrum, and appearance times, Tx, associated with the singlet and triplet
state products

spectrum associated with all of the final products, we obtain
a product BR, S(3P)/S(1D), of 2.3. By measuring both the
branching ratio and effective rate constants associated with the
excited state populations we obtain the true time constants that
define the branching between the dissociation pathways. The
key parameters obtained from the analysis are summarised in
table I which contains the obtained time constants, appear-
ance times and the branching ratio. The measurements allow
us to monitor the real time formation of both atomic products
and show no evidence of a delayed formation of the S(1D)
fragment as previously observed when using a lower energy
probe.10
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