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The photoelectron imaging of the indigo carmine dianion is used to demonstrate the effects of resonance
excitation, pulse duration and pulse intensity on the photoelectron spectra and angular distributions of a
dianion. Excitation of the S, state leads to an aligned distribution of excited state dianions. The
photoelectron angular distribution following subsequent photodetachment within a femtosecond laser
pulse is primarily determined by the repulsive Coulomb barrier. Extending the timescale for
photodetachment to nanoseconds leads to dramatic changes in both the spectra and angular distributions.
These observations are explained in terms of statistical detachment of electrons, either from the
monoanion, or from the ground state of the dianion following a number of photon cycles trough the S; «
So transition. At high intensity, new electron emission channels open up, leading to emission below the
repulsive Coulomb barrier. This has been assigned to strong-field induced detachment and the effect of an
electric field on the Coulomb barrier is discussed in terms of the photoelectron spectra and angular

distributions.

1. Introduction

The angular distribution of photoelectron (PE) emission relative
to the polarisation vector of the light field, ¢, has been extensively
studied in neutrals and anions, and has become routine with the
advent of charged particle imaging® and especially velocity map
imaging.? In simple systems the PE angular distribution (PAD)
can be well described by the Cooper-Zare formalism® in which
the partial waves and their interference determine the observed
PE anisotropy. This works particularly well for atomic
photodetachment. In the case of molecular detachment, a
complete description of the PAD becomes more challenging, but
not impossible, and various aspects of PADs have been recently
discussed in excellent reviews.*® For both neutrals and anions,
the PE experiences a radially attractive potential. For neutrals,
this is simply a charge-charge —1/r interaction. For anions, the
attractive interaction is much weaker and shorter range, typically
dominated by dipole-charge interaction or quadrupole-charge and
induced dipole-charge interactions.

The situation is, however, significantly different in multiply-
charged anions (MCAs).>** Take for example a dianion, A%
Photoemission from A% leads to the formation of an anion and
the PE: A~ + hy — A~ + €. At long range, the interaction
between A™ and e is repulsive. In contrast, at short range, there
must be some attraction if the A2 dianion is stable. The net
interaction leads to the repulsive Coulomb barrier (RCB) in
MCA:s, first probed experimentally by the Wang group using PE
spectroscopy.'®!? The tell-tale sign of an RCB in a PE spectrum
is a region at low electron kinetic energy (eKE) over which no PE
signal can be observed. PE emission is then suddenly allowed at
some cut-off, above which the emitted PE has sufficient energy to

< o

e o

o 90 @ 1TDMS, —S)
~

E

® %0 v ™
, Y @9 @
oN @cC T v ¥
o H ¢S
@0 ‘,/

Figure 1. Structure of the doubly-deprotonated indigo carmine
so dianion. The Cartesian coordinate system is defined along with
the transition dipole moment (TDM) for the S; < S, transition,
which is indicated by the grey arrow. The magnitude of the TDM
is 4.55 eay.
surmount the RCB.**2 The RCB also has dramatic consequences
ss on the PAD of MCAs in PE imaging experiments.’>?? In contrast
to anions and neutrals, the PADs from MCAs have received
virtually no theoretical attention. PADs have been interpreted
qualitatively using classical arguments based on the shape of the
RCB. Although this has provided some satisfactory descriptions
e Oof the PADs, the role of quantum interference has not yet been
explored.

The shape of the RCB is an
determining the PAD and the RCB can be highly anisotropic.
1823 |ndeed, in all but one'® of the PE imaging studies on MCAs

es has this clear anisotropy provided direct clues on the influence of
the RCB on the PAD. In these systems, the RCB anisotropy can
be correlated to the localisation of excess charges, either on SO,
or CO, groups, where the RCB will be maximal.

important parameter in
15, 16,
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The present study focuses on the dianion of indigo carmine
(InC?), the structure of which is shown in Fig. 1. Our interest in
InC% stems from its remarkable photostability.?*? Indigo and its
derivatives have been used for millennia as decorative dyes due
to their vivid blue colour.*® As an example, indigo is the dye that
stains denim jeans. We have recently studied the excited state
photophysics of InC? in the gas-phase using time-resolved PE
imaging and showed that the mechanism for decay involves an
excited state intramolecular proton transfer reaction followed by
rapid internal conversion.?” % Our current focus is on the PE
imaging of InCZ".

InC? presents an interesting system from the viewpoint of PE
imaging as it has a highly anisotropic RCB. Previous density
functional theory (DFT) calculations showed that the highest
occupied orbital (HOMO) of InC* is the m-system on the
chromophore.?® Hence, electron emission from this leaves a
positively charged hole in the chromophore, while the two SO;
groups remain negatively charged and provide a repulsive force
on the emitted PE.2* ®! Because the RCB is highly anisotropic,
one might intuitively anticipate that the PAD will also be highly
anisotropic, as long as there exists some correlation between the
laboratory and molecular frames of reference. This can either be
attained through resonant excitation leading to an aligned sample
or by virtue of an anisotropic differential photodetachment cross
section. This has been shown previously by the Wang group and
our group.lS'ls‘ 20,31

INC* is related to the system we had previously studied,
pyrromethene 556, in the sense that it structurally has an overall
similar shape with a central chromophore and two terminal
charged groups.?® *! We show that the overall features of InC*
are similar to those of pyrromethene 556, which suggests that it is
only the shape of the RCB that determines the PAD (at low eKE).

The present study considers aspects of the PE spectra and
PADs following photodetachment from InC%*. Specifically, we
consider the effect of pulse duration on the PE spectrum and
show that the PAD provides new insight into the emission
mechanisms. We also consider, for the first time, the effect of
pulse intensity on the PE spectrum and angular distribution and
show that the presence of a high electric field can distort the RCB
resulting in electron emission below the RCB — analogous to
“tunnel ionisation” well-known in high-field physics of neutrals.

2. Experimental

The experiment has been described in detail elsewhere®**® and

only a brief overview is given here. InC* was generated by
electrospray ionisation of a solution of the InC?™ disodium salt
(Aldrich) in acetontrile (1 mM). The ions were trapped in a ring-
electrode trap and injected into a co-linear Wiley-McLaren time-
of-flight mass spectrometer.*® The temporal focus coincides with
the laser-interaction point at the centre of a velocity map imaging
(VMI) PE spectrometer.? The orthogonal VMI operates in a
continuous mode by using a low field arrangement.*®
Mass-selected InC* ions were irradiated with either
femtosecond or nanosecond pulses. Femtosecond pulses were
derived from a commercial Ti:Sapphire chirped-pulse amplified
system. Pulses at 4.7 eV (266 nm) were generated by third
harmonic generation using two type | BBO crystals. Pulses at 2.3
eV (538 nm, resonant with the S; < S, transition) were generated

using an optical parametric (OP) amplifier, the idler output at
0.75 eV (1640 nm) of which was mixed with residual 1.55 eV

60 (800 nm) in a type | BBO crystal. Pulses at 1.0 eV (1230 nm)
used the OP amplifier signal output at that wavelength.
Nanosecond pulses were derived from a commercial Nd:YAG
(3 harmonic) pumped OP oscillator. The polarisation of all laser
fields, €, was kept parallel to the detector.

Photoelectron signal (Arb. units)

0 | 2 3 4
65 Electron kinetic energy (¢V)

Figure 2. Photoelectron spectrum taken at 4.7 eV at a laser
intensity of lyy ~ 1 x 10° W cm. The inset shows the
reconstructed image, where ¢ is the laser polarisation axis.
Raw PE images were deconvoluted using the polar onion
70 peeling algorithm.*” Images presented correspond to the central
slice through the reconstructed PE cloud; raw images as collected
experimentally can be found in the ESI. The resolution of the PE
spectrometer was ~5% of the eKE and was calibrated using I".
Quoted uncertainties in the anisotropy parameters refer to one
s standard deviation. The absolute accuracy of the anisotropy
parameters quoted is on the order of +0.1 and arises primarily
from variations in alignment and parallelism of € to the detector
plane.

3. Results and Discussion
0 3.1 PE spectrum at 4.7 eV: overview of energetics

The PE spectrum taken at 4.7 eV (266 nm) is shown in Fig. 2
along with its reconstructed PE image inset. As this PE spectrum
corresponds to a single photon vertical detachment process, key
energetic parameters can be obtained from the spectrum.
a5 Specifically, the onset of the PE spectrum is correlated with the
outer RCB height, which can be read off to be ~1.1 eV. The
adiabatic detachment energy, determined from an extrapolation of
the steepest onset of signal at high eKE, is about 2.5 eV for InC*".
We had previously also measured an action spectrum of InC>~ by
% monitoring only the electron loss channel and this indicated a
broad absorption with a maximum at 2.2 eV (560 nm).® An
overview of the energy level diagram of InC%" is shown in Fig. 3
and this compares well with previous DFT calculations computed
with the Gaussian09 package® and using the B3LYP functional®®
o With a 6-311++G** basis set. InC> is a closed shell molecule
with a singlet ground state, So. The HOMO of InC* is the n-
system on the chromophore (see Fig. 3), while the SO5™ orbitals
are calculated to lie ~0.1 eV below this. The observed PE
spectrum at 4.7 eV may therefore contain detachment from either
100 the HOMO or the SOz  groups. This may be reflected by the
bimodal distribution observed in the PE spectrum. The absorption
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around 2.2 eV corresponds to the promotion of an electron from
the HOMO to the lowest unoccupied orbital (LUMO), which is
also shown in Fig. 3.
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s Figure 3. Energy level diagram for the indigo carmine dianion,
showing the relevant states of the system and excitation schemes.
Also shown are the highest occupied and lowest unoccupied
molecular orbitals.
The PE image at 4.7 eV (266 nm) is anisotropic with an
10 anisotropy parameter of g, = -0.33 + 0.03. For neutrals or
monoanions, the PAD is determined by the weight of outgoing
partial waves as well as the interference between these.* In
MCAs, this inherent anisotropy appears to be trumped by the
repulsive long-range Coulombic interaction of the remaining
1s negative charges on the PE. In non-resonant single-photon PE
spectra, such effects are only observable if there is also
anisotropy in the photodetachment differential cross-section.?
This appears to be the case for InC> photodetached at 4.7 eV and
suggests that the differential cross-section peaks along the z-axis
20 of InC?* (defined in Fig. 1).

3.2 Effect of resonance-enhancement on PE images

The effect of the RCB on the outgoing PE can be more precisely
shown by alignment of the sample prior to photodetachment.?
Here, this is achieved by photo-excitation of InC?~ from the S, to
25 the bright S, state. The transition dipole moment calculated using
time-dependent DFT and the same level of theory as described in
the previous section is indicated in Fig. 1. Fig. 4(a) shows the PE
spectrum of InC%™ taken at 2.3 eV (538 nm), with a laser intensity
below the onset of strong field effects (I ~1x10'° W cm™). The
30 overall shape of the PE spectrum is consistent with that observed
at 4.7 eV, assuming the absorption of 2-photons (a single photon
at 2.3 eV is below the adiabatic detachment energy of InC*).
Specifically, the RCB cut-off at low eKE is clearly visible and at
high eKE, the PE spectrum is consistent with the absorption of 2
35 photons. Given that 2.3 eV is resonant with the S; «— S,
transition, this 2-photon process is resonantly enhanced.
Excitation of the S; will lead to an aligned sample of excited
INC% molecules with a cos?d distribution, where 6 is the angle
between the transition dipole moment between Sy and S; (see Fig.
40 1) and the laser polarisation vector, . The second photon, which
is absorbed during the 100 fs laser pulse, then projects the S, state
onto the InC™ + e continuum and the resulting PE will leave

under the influence of the RCB.
In the present case, the RCB is qualitatively described by the
45 fact that the SO; groups remain negatively charged while there is
a positive hole on the w-system of the chromophore. The
reconstructed PE image following 2-photon detachment at 2.3 eV
is shown inset in Fig. 4(a). The image is highly anisotropic and is
quantified by g, = —0.89 + 0.05 and 8, = 0.11 £ 0.05. This is
so significantly more anisotropic than the single photon 4.7 eV PE
image, although the final energy is approximately the same. The
increased anisotropy can be qualitatively accounted for by the

Photoelectron signal (Arb. units)
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Figure 4. Photoelectron spectrum taken at 2.3 eV with
ss femtosecond (a) and nanosecond (b) pulses. The laser intensities
were I ~ 1 x 101 W em2 and I ~ 7 x 106 W em™?,
repsecitvely. The insets shows the reconstructed images, where g
is the laser polarisation axis.
influence of the RCB on the outgoing PE. Detachment with the

e second photon occurs from an aligned ensemble of S; excited
INC> molecules. Along €, the SO;  groups pose very large
Coulomb barriers and the PE is prevented from departing along
the z-direction (Fig. 1). Instead, the lowest RCB is the
perpendicular plane. Hence, the photoemission is initially

es directional within this plane. Additionally, at long-range the
repulsion of the PE with the SO;™ groups will further influence
the outgoing PE. The resultant PAD is therefore expected to
strongly peak in the direction perpendicular to € and this is
observed experimentally in Fig. 4(a).

70 The observed PE anisotropy is similar to that previously
recorded for pyrromethene 556, which has a broadly similar
structure and also has a transition dipole moment for excitation
along the axis containing SO3™ groups.?: %

The 2-photon spectrum in Fig. 4(a) almost exclusively arises

75 from detachment of an electron in the HOMO due to resonance-
enhancement. The shape of this spectrum differs from the PE
spectrum taken at 4.7 eV (Fig. 2), which showed an additional
peak at eKE ~ 1.7 eV. The presence of this peak may reflect

This journal is © The Royal Society of Chemistry [year]
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detachment from the SO5;™ groups as suggested earlier.

3.3 Effect of pulse duration on PE anisotropy: nanosecond vs.
femtosecond

In Fig. 4(b), we show a PE spectrum taken at 2.30 eV (538 nm)
s using a nanosecond laser, which can be directly compared to the
femtosecond PE spectrum in Fig. 4(a). The insets show the
corresponding  reconstructed images. There are striking
differences between these two spectra. Firstly, in the nanosecond
spectrum there is no longer a clear RCB cut-off around eKE = 1.1
10 €V. Secondly, there is a new feature peaking at eKE = 0 eV,
which is below the RCB cut-off. The difference between these
two spectra indicates that the extended pulse duration leads to
New processes.
In our previous study on InC%, we showed that the S, state is
15 short lived, with a lifetime of 1.2 ps.2® Hence, the S; lifetime is an
order of magnitude longer than our femtosecond pulses, but at
least 3 orders of magnitude shorter than the nanosecond pulses.
The consequence of this is that multiple photons can be absorbed
using the same S; «— S, transition, leading to large amounts of
0 energy into the internal modes of InC* (2.30 eV per photon
cycle).

The PE feature peaking at eKE = 0 eV probably arises from the
monoanion, InC", which may be formed by fragmentation after
the deposition of a large amount of internal energy following one,

25 two, or more photon-cycles. The low-eKE feature can be then be
assigned to statistical electron emission from InC™. In such a
scenario, one would expect the PE spectrum to decay
exponentially. This is consistent with the observed PE spectrum
in Fig. 4(b). We note that similar emission has been observed in

w0 dianions studied by our group® and the Wang group®® and have
been interpreted in a broadly similar manner.

The feature that was assigned to 2-photon detachment in the
femtosecond spectrum also appears very different in the
nanosecond spectrum. Moreover, the observed PADs for these

35 features are very different: 5, = —0.12 + 0.04 for the nanosecond
PE spectrum while it is g, = -0.89 (8, = 0.11) for the
femtosecond spectrum. These stark differences imply that the
mechanism for detachment may not be the same in the two cases.

We have recently presented an explanation for such observed

10 photodetachment changes with pulse length® and invoke a
similar argument here. Briefly, excitation to the S, state results in
rapid internal conversion, dumping 2.30 eV into the internal
modes of InC*. This energy is redistributed by internal
vibrational redistribution (IVR) before a second photon is

45 absorbed. The total energy after the absorption of the second
photon is above the adiabatic binding energy plus the RCB (~3.6
eV). However, we have previously argued that an increase in
internal energy is correlated with a roughly similar increase in the
inner RCB height (as viewed by the InC*) because the initial

s states correlate adiabatically with the final product states.’® 3
Hence, direct detachment is inhibited by the RCB. In any case,
the S; « Sq cross-section is likely to be much larger than direct
detachment. Therefore, the second photon excites the S; « S,
transition again. Although the shapes of the relevant RCB

ss surfaces may be different for this second cycle, the S; state will
still be bound by these RCB surfaces. Consequently, the electron
cannot simply be emitted. It can, however, detach if sufficient
time is available to statistically sample lower-lying RCB surfaces

over which the electron may be emitted.*

e In our study on pyrromethene 556, the internal conversion time
was determined to be >100 ps.®! In that case, IVR on the S; state
would be almost complete and modes leading to electron
emission over a sufficiently low RCB could be statistically
sampled from the S; or the S, states, but we could not distinguish

65 from which.®! In the present case, the lifetime of the S; is only 1.2
ps and so there is insufficient time for extensive IVR on the S;
excited state. Hence, the statistical electron emission is likely to
be exclusively from the Sy ground state. This picture is supported
by the PADs.

Photoelectron signal {Arb. units)
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Figure 5. (a) Photoelectron spectrum taken at 1.0 eV with a

femtosecond pulse of intensity, | ~ 7 x 10" W cm™. The inset

shows the reconstructed image, where € is the laser polarisation
axis. (b) Photoelectron anisotropy parameters, 3, and f, for the
75 spectrum in (a).

The PAD for the PE feature between 1 < eKE < 2 eV in the
nanosecond experiment (inset, Fig. 4(b)) reveals an almost
isotropic distribution (8, = -0.12 + 0.04). If emission was
occurring from the S; state within its lifetime of 1.2 ps, then the

s PAD would be anisotropic because of the strongly directional
transition dipole moment of the S; < Sy transition and the fact
that the rotational dephasing lifetime is longer than the S;
lifetime.?’ Instead, if emission was occurring from the S, ground
state with 4.6 eV of internal energy, then this would proceed

g5 purely statistically over an extended timescale. Correspondingly,
there would be no correlation between the molecular frame and
laboratory frame and the observed PAD would therefore be
isotropic. The observed PAD for this feature is predominantly
isotropic, with a small component perpendicular to €. Hence, it

90 appears that most of the electron loss is occurring from the Sy

state.

3.4 High
ionisation

intensity effects: Observation of strong-field

In Fig 5(a), we show a PE spectrum taken at 1.0 eV (1230 nm)
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with the femtosecond laser beam focussed in the interaction
region. We estimate an intensity of ~7 x 10'2 W cm™. The inset
shows the reconstructed PE image and in Fig 5(b), PE anisotropy
parameters are shown as a function of eKE. We have only

s included S, and p,, although the image was fit to include all
parameters up to and including fs. These have been omitted
because they are essentially zero. Note that 1.0 eV is not resonant
with any transitions in the system, although 2 photons will be
resonant with the red edge of the S; < S, transition.

1 The PE spectrum has a very different appearance to that
discussed previously. The most striking difference is that there is
a significant and constant PE signal below the RCB cut-off.
These electrons are emitted almost isotropically from the system.
For eKE > 1.1 eV, there appears to be some structure in the PE

1s spectrum. The increase in PE signal at the RCB cut-off is
accompanied by a change in PE anisotropy. At higher eKE, this
anisotropy changes, with the higher order , also contributing.

The observed increase at eKE = 1.1 eV suggests that multi-
photon detachment is possible through a 2 + n resonance-

20 enhanced scheme, where n > 2. The PE spectrum extends to eKE
~ 7 eV, implying the absorption of up to 10 photons. This multi-
photon absorption process should not, however, allow for PE
emission below the RCB. Between 1.1 < eKE < 1.8 eV, p,
steadily decreases from close to zero to —0.4. It then remains at —

25 0.4 between 1.8 < eKE < 2.8 eV. Beyond 2.8 eV, there is a steady
increase in f,, rising from -0.4 to +0.5 at eKE ~ 6 eV. At the
same time, S, over this spectral region is approximately —0.3.
Higher order anisotropy parameters are approximately zero. The
broad feature between 1.1 < eKE < 2.8 eV has the overall

30 appearance of multi-photon absorption and the negative
anisotropy is consistent with that observed using 2-photon
resonance enhanced detachment (Fig. 4(a)). We had anticipated
that the alignment may be stronger rather than weaker because of
the absorption of multiple photons, but it should be noted that this

35 feature is clearly convoluted with the electron emission at low
eKE. Hence, it is very difficult to comment further within the
scope of this article.

The key observation here is the fact that PE signal is observed
below the RCB. This signal arises only at high laser intensity and,

s under such conditions, we have in fact observed similar PE
emission in many of the dianions studied in our lab and at several
wavelengths. Hence, this observation is a more general feature of
dianions (or indeed MCAs) and depends only on the electric field
strength. In neutrals, strong-field ionisation is a well-known

s phenomenon and has found great application in, for example,
high-harmonic generation* and attosecond science,** where the —
1/r Coulomb potential is pulled down sufficiently far in the
electric field of the laser that the electron can tunnel out into the
continuum. A similar mechanism is likely to be operative in InC*

s0 , but at significantly lower field strengths.

We can crudely approximate the RCB for InC* as being
composed of two negative and one positive point-charges, plus an
electron whose position is a variable (see Fig. 6(a)). The negative
charges (defined here as the centre of the triangle formed by the

ss O atoms on each SO; determined by our DFT calculations) are
separated by 15.5 A. The resultant RCB is simply the Coulomb
interaction of the electron with the two negative charges and the
hole. In Fig. 6(c), the RCB is calculated along the x (or y)

direction. The saddle point in the RCB is in the xy plane and the

s lowest point along of the RCB in this plane is calculated as 0.84
eV. This is somewhat lower than that observed (1.1 eV), probably
because of the delocalised nature of the electrons and, in
particular, the hole. Also shown in Fig. 6(c) is the RCB in which
dc electric fields in the x direction have been added. For a field

es strength of E = 9.9 x 108 V m? (I = 1.3 x 10 W cm™),
corresponding to a 100 pJ, 100 fs pulse focussed to a 1 mm
diameter spot size, the RCB is reduced to 0.01 eV in the +x
direction. Hence, despite these relatively mild focussing

A s
(a) I_\ (b)

o b 0

1.3 10" Wem?

VieV)
—t——t—t—r—t+—+t
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4 + ; —
40 <300 <200 <100 0 10 20 30 40

x(A)

70 Figure 6. Schematic of point-charge distributions used to estimate

the repulsive Coulomb barrier for the molecular system in which
an electron is detached from (a) the chromophore and (b) the

SO; group. The Coulomb field experienced for (a) is calculated
(black) along with the inclusion of an electric field corresponding

75 to the laser field intensities as indicated.
conditions, the RCB has been completely suppressed. To cause
direct field ionisation from the S, state requires E = 5.6 x 10° V
m™, which corresponds to an intensity of 4.1 x 102 W cm . It
should be noted that the experimental RCB is measured to be

g0 larger than that calculated and so the intensity required to cause
strong-field ionisation is likely to be somewhat larger.

Under our experimental conditions, we estimate that the
intensity in the interaction region is ~ 7 x 10'2 W cm2. This is
close to the intensity required to achieve strong-field ionisation

ss and/or tunnel ionisation from the S, ground state. Hence, it is not
unreasonable to assign the electron emission at eKE < 1.1 eV to
such processes. In strong-field physics, the prominence of tunnel
ionisation relative to multiphoton ionisation can be crudely
determined by the Keldysh parameter, y = (I, / 2U,)"?, where I, is
% the ionisation potential and U, the pondermotive potential.** ** If
y <1, then tunnelling dominates; if y > 1, multiphoton ionisation
dominates. Although the Keldysh parameter is based on a —1/r
potential, we can still estimate y by replacing |, with the adiabatic
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binding energy plus the RCB. From Fig. 2, this was estimated to
be 3.6 eV, so that y ~ 1.4. Hence, both tunnel ionisation and
multiphoton ionisation are expected to occur.

Fig. 5 shows that electron emission due to strong-field
ionisation is isotropic. Considering the above picture, this
observation is not expected because the laser field is polarised. In
the scenario outlined in Fig. 6(a), the RCB is much higher along
the z-direction and it is unlikely that field ionisation from the
HOMO will occur along this direction. Hence, only InC*
molecules that are distributed perpendicular to € will be expected
to strong-field ionise. This should result in a clear anisotropy of
the emitted electrons along the ¢ direction (i.e. g, > 0).
Experimentally, the low eKE signal is isotropic. This discrepancy
may be attributed to (i) resonant excitation of the S, state from
which strong-field ionisation then occurs or (ii) field ionisation of
the SO3™ groups.

The former possibility would lead to a more isotropic
distribution because the 2-photon excitation step will lead to
some alignment of the z-axis of the S, excited InC* molecules
along &. The same laser field will cause strong-field ionisation,
but the emission from the aligned sample can only occur if € was
perpendicular to the z-axis. However, both the photo-excitation
and field ionisation steps will have some distribution of
alignment angles, 6. Therefore, strong-field ionisation can still
occur but it will be roughly isotropic. For example, the product
between a cos?d and a sin?g distribution will lead to electron
emission peaking at 6 = n/4.

Strong-field ionisation from SO is also likely and this is
shown schematically in Fig. 6(b). Based on simple electrostatic
arguments, the Coulomb interaction between the two SO3;™ groups
is approximately 0.9 eV. This will lead to an RCB that is similar
to that in the xy-plane for detachment from the HOMO. This RCB
is also sensitive to the electric field and the SO;™ may thus also be
susceptible to strong-field ionisation in much the same way as the
HOMO. Field ionisation from SO;, however, can occur for any
relative alignment and thus may be expected to lead to a
predominantly isotropic PAD as observed. Tunnel ionisation may
also occur, but this is expected to lead to a PAD directed
predominantly along the z-direction. The energy of the molecular
orbitals of the SO;™ groups are calculated to be sufficiently close
to the HOMO so that these processes are feasible. Unfortunately,
the observed isotropic PAD does not reveal which of the above
mechanisms is dominant or operative.

Finally, it should be noted that the strong-field dynamics
discussed here are based on the quasi-static model.** One of the
core assumptions of this is that the electron dynamics can
adiabatically follow the laser field. In the present case, this may
not be true as has been observed in large polyatomic neutral
molecules,** * and non-adiabatic multi-electron dynamics can
lead to electron emission. Such emission may also be contributing
to the observed PE spectrum.

Our data present the first direct measurement of strong-field
ionisation of an MCA in a laser field. To fully understand the
complex dynamics due to strong-field ionisation and tunnel
ionisation, more experiments are clearly required. Specifically,
the use of two-colour experiments and strong-field ionisation
with far off-resonance fields should prove informative.
Nevertheless, our observations carry some important implications

and opportunities for experiments on MCAs. The key observation

60 iS that, even at rather modest peak intensities, the RCB can be
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dramatically affected by the electric field. This will be even more
dramatic for larger systems in which the separation between
charge sites is larger. Femtosecond experiments will be most
sensitive to these effects, but focussed nanosecond pulses can
also have noticeable effects. In the model presented in Fig. 6(a), a
10 mJ, 5 ns pulse focussed down to 0.1 mm spot lowers the RCB
by more than 50%. In terms of opportunities, the PADs following
field ionisation are expected to show clear signs of the shape of
the RCB and hence, strong-field ionisation may be used as a
probe for the crude structure of a molecular system.

Conclusions

The PE spectroscopy and imaging of the InC?™ dianion has been
presented. The focus was on the effect of resonance-
enhancement, pulse duration and peak intensity on the PE spectra
and angular distributions. The main findings can be summarised
as follows:

(1) Photodetachment from an aligned ensemble of InC? leads
to a PAD that can be qualitatively described by considering the
shape of the RCB. This is demonstrated here by resonant
excitation of the chromophore, which has a well-defined
transition dipole moment (Fig. 1), using a polarised femtosecond
pulse. This is consistent with previous observations?®® * and
suggests that the RCB has a determining impact on the PAD of
the outgoing PE. In order to correlate the observed PAD to the
RCB shape, however, the correlation between molecular and
laboratory frame must be established.*® The experimental PAD
may also be used to determine the anisotropy of the RCB. This
would require careful simulation of the outgoing electron which
will likely require a full quantum description to account for
possible interference and diffraction effects.

(2) Nanosecond excitation via the S; « S, transition leads to
dramatic changes in both the PE spectra and PADs. This can be
explained in terms of a multiple-photon cycling scheme:
excitation to S; is followed by rapid (1.2 ps) internal conversion;
a subsequent photon can then be absorbed via the S; « S
transition again followed by internal conversion. The resultant
internal energy is sufficient to cause either: dissociation followed
by electron loss from the anion, InC™, leading to a feature peaking
around eKE = 0 eV; or statistical electron loss from the dianion
over the lowest RCB surfaces. As these processes are slow
relative to the rotational dynamics of the system, the resultant
PADs for these features is approximately isotropic.

(3) At high laser intensity, photoelectrons are emitted below
the RCB, producing a constant signal which is roughly isotropic.
This emission can be accounted for by considering the effect of
the electric field of the laser on the RCB surface. It shows that
strong-field ionisation can occur, even from the S, state, under
the modest experimental conditions. The PADs for various
scenarios are considered and this suggests that, for InC>", strong-
field ionisation from the central chromophore, from the SOz~
groups, and from the S; excited state may be operative.
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