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Abstract
The predissociation dynamics of the 6s (B2E) Rydberg state of gas-phase CH3I were
investigated by time-resolved Coulomb-explosion imaging using extreme ultraviolet (XUV)
free-electron laser pulses. Inner-shell ionization at the iodine 4d edge was utilized to provide a
site-specific probe of the ensuing dynamics. The combination of a velocity-map imaging
(VMI) spectrometer coupled with the pixel imaging mass spectrometry (PImMS) camera
permitted three-dimensional ionic fragment momenta to be recorded simultaneously for a wide
range of iodine charge states. In accord with previous studies, initial excitation at 201.2 nm
results in internal conversion and subsequent dissociation on the lower-lying A-state surface
on a picosecond time scale. Examination of the time-dependent yield of low kinetic energy
iodine fragments yields mechanistic insights into the predissociation and subsequent charge
transfer following multiple ionization of the iodine products. The effect of charge transfer was
observed through differing delay-dependencies of the various iodine charge states, from which
critical internuclear distances for charge transfer could be inferred and compared to a classical
over-the-barrier model. Time-dependent photofragment angular anisotropy parameters were
extracted from the central slice of the Newton sphere, without Abel inversion, and highlight
the effect of rotation of the parent molecule before dissociation, as observed in previous
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works. Our results demonstrate the ability to perform three-dimensional ion imaging at high
event rates and showcase the potential benefits of this approach, particularly in relation to
further time-resolved studies at free-electron laser facilities.

Keywords: photochemistry, time-resolved dynamics, ultrafast processes, free-electron laser
science, velocity map imaging, photodissociation, charge transfer

(Some figures may appear in colour only in the online journal)

1. Introduction

Over several decades, methyl iodide (CH3I) has served as the
benchmark system for photodissociation dynamics in poly-
atomicmolecules both experimentally and theoretically [1–7].
In particular, the C–I bond cleavage that arises from exci-
tation of the first absorption band (A-band) constitutes one
of the most studied processes in molecular photodissocia-
tion. The A-band absorption spectrum exhibits a broad struc-
tureless peak which gives rise to fast ballistic dissociation
and results in population inversion between the spin–orbit
excited, I∗(2P1/2), and ground, I(2P3/2), electronic states of the
iodine atom [1, 2]. Initial time-resolved studies of this pro-
cess focused on exploiting time-resolved mass spectrometry
(TRMS) to characterize the product formation reaction times
[8]. Later work examined the internal energy of the CH3 frag-
ment as well as spin–orbit branching ratios using resonantly
enhanced multiphoton ionization (REMPI) [5] and served as a
means to benchmark multidimensional wavepacket dynamic
simulations [6, 7]. Recently, numerous experimental groups
have explored inner-shell excitation or ionization at the iodine
atomic site to track the ensuing photodissociation dynamics
following A-band excitation using both free-electron lasers
(FELs) [9–12] and high harmonic generation sources [13,
14]. Iodine-containing hydrocarbons are an exemplary choice
for performing extreme ultraviolet (XUV) time-resolved stud-
ies due to the I 4d5/2,3/2 → εf shape resonances (60–140 eV)
[15, 16], which result in the photoabsorption being domi-
nated by the I atom and, thus, the ability to excite or probe
site-selectively.

The second absorption band (B-band) of CH3I accesses the
lowest-lying Rydberg state, which has a more complex pho-
todissociation mechanism and has been the subject of fewer
experimental studies. The B-band is comprised of transitions
due to excitation of the non-bonding iodine 5p electrons to a
6s molecular Rydberg state [17]. Strong spin–orbit coupling
of the resulting ionic ground state results in two states labelled
2Π3/2 and 2Π1/2 in C∞v and 2E1/2 and 2E3/2 in C3v symmetry,
respectively. Transitions correlated with the lower-lying 2E3/2

ionic core from themolecular ground state are located between
195 and 205 nm and, due to their C3v symmetry, have a dipole
moment perpendicular to the C–I bond [18]. Spectrally these
excitations are characterized by a series of intense sharp peaks
with the dominant component being the band origin (000) at
201.2 nm, which is the subject of this study.

Despite the B-band displaying a clear vibrational structure
[17], the transitions exhibit significant spectral broadening due

to finite lifetimes and the underlying predissociation mecha-
nism. Predissociation occurs via interaction of the 6s orbital
with some of the dissociative components of the A-band. Ab
initio calculations by Alekseyev and coworkers highlight that
the B-band E symmetry components can predissociate due to
crossingwith the repulsive 4E (3A1) valence state [3, 4], which
asymptotically correlates with the I∗(2P1/2) + CH3 dissocia-
tion limit. A diagram of the electronic states relevant to the
present study is shown in figure 1.

The first direct measurements of the predissociation life-
time of the B-band were performed by Baronavski and Owrut-
sky using TRMS. A lifetime of 1.38 ± 0.14 ps was reported
for the 000 origin band [19], however, the authors noted shorter
lifetimes for higher vibrational levels [20]. Bañares et al pre-
sented a series of measurements on B-state predissociation,
where time-resolved ion velocity map imaging (VMI) was uti-
lized to provide detailed insight into the reaction mechanism
[21–23]. These studies served to corroborate the early TRMS
work, reporting a predissociation lifetime of 1.5 ± 0.1 ps,
and also investigated directly the angular nature of the transi-
tion as well as the vibrational activity in the CH3 radical [21].
Specifically, the angular distribution of the I∗(2P1/2) fragment,
detected using REMPI, exhibits a time-dependent anisotropy,
with β parameter values varying from β ≈ −0.9 within the
first picosecond to β ≈−0.5 at later pump–probe time-delays
[21]. Similar measurements performed by Thiré et al reported
I∗(2P1/2) β values of−0.549± 0.005 [24] at long pump–probe
time-delays. Photofragment VMI studies have also reported
predissociation lifetimes for the 210 and 310 vibronic levels,
0.85 ± 0.04 ps and 4.34 ± 0.13 ps, respectively, which high-
lights the strong sensitivity to the exact excitation wavelength
[23]. Excitation of the 310 vibronic state also resulted in the
first direct observation of ground state I(2P3/2) dissociation
products [22], which had not previously been observed at the
band origin [21, 24]. Recently, Xu and Pratt utilized a uni-
versal probing scheme at 118 nm to determine the branching
into the I∗(2P1/2) and I(2P3/2) channels for specific vibronic
states in the 6s 2E3/2 manifold [25]. The study concluded that
most excited vibronic states correlate with a small, but non-
zero, branching ratio into the ground I(2P3/2) state. To the best
of our knowledge, no investigations into the B-band predisso-
ciation mechanism exploiting inner-shell excitation or ioniza-
tion as the probing mechanism have been performed to date,
and therefore this constitutes a major focus in this present
study.
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Figure 1. The theoretical potential energy curves of methyl iodide
along the C–I stretching coordinate [4]. The electronic states
relevant for this study are shown in bold. Excitation by the 201.2 nm
pump pulse populates the onset of the B-band (3E1/3E2 Rydberg
states). Non-adiabatic coupling results in population transfer to a
lower-lying dissociative state and correlates with production of
CH3 + I∗(2P1/2). The ensuing dynamics are captured at variable
pump–probe time-delayΔt by (multi-) photon ionization above the
I 4d edge using an intense XUV FEL pulse.

In the present work, the predissociation mechanism follow-
ing excitation into the 6s (2E3/2) 000 Rydberg state is investi-
gated by inner-shell ionization. The dissociation process was
followed using site-selective (multi-) photon absorption in an
intense XUV FEL pulse, by recording the resulting charged
fragments using VMI. We exploit the multimass capabili-
ties of the pixel imaging mass spectrometry (PImMS) camera
[26, 27] to simultaneously measure the three-dimensional ion
momenta of multiply charged atomic I as a function of laser-
FEL time-delay. Observed is the production of low kinetic
energy (KE) fragments on a picosecond time scale, which
is consistent with the predissociation mechanism of the 6s
(2E3/2) band origin. Predissociation lifetimes of ∼1.55 ps are
extracted from fits of the In+ low KE ion-yield, which is
found, within the experimental error, to be independent of
iodine charge state. Time-resolved photoion angular distri-
butions reveal the highly parallel nature of the B-band exci-
tation, as well as a loss of anisotropy resulting from rota-
tion of the parent molecules on a similar time scale to the
predissociation. Closer examination of the delay-dependent,
energy-resolved ion yields for differing iodine charge states
reveals systematic shifts arising from electron transfer from
the neutral methyl fragment to the highly charged iodine
following multiple ionization by the XUV pulse, in keep-
ing with previous studies [9, 11, 12]. A weak, high kinetic
energy feature is also observed shortly after time-zero (t0),

and assigned to Coulomb explosion following charge transfer
between nascent dissociation products. Analysis of these sig-
natures of charge transfer allowed direct probing of the depen-
dence of the charge transfer on internuclear distance and iodine
charge state, which appear to be consistent with the classi-
cal over-the-barrier model [28], within experimental temporal
resolution.

2. Experimental methods

The experiments were conducted using the CAMP@FLASH
instrument [29] on beamline BL1 at the free-electron laser
in Hamburg (FLASH) [30]. The setup comprises a double-
sided VMI spectrometer capable of simultaneously measur-
ing ions and electrons [29]. Commercially available CH3I
(>99% Sigma Aldrich) was expanded, after several freeze-
pump-thaw cycles, into the CAMP chamber via two skimmers
using a continuous jet without using a carrier gas. A liquid
reservoir held at room temperature was directly connected to
the gas delivery system for this purpose. The skimmed molec-
ular beamwas intersected at 90◦ by both the FLASH beam and
the pump–probe laser.

The FLASH pump–probe laser system consists of a
Ti:sapphire oscillator and a 10 Hz chirped pulse multipass
amplifier (Coherent Inc., Hydra) capable of producing 12 mJ
55 fs pulses at a central wavelength of 810 nm [31]. An 8 mJ
fraction of the total laser output was used for these experi-
ments. The beam passed through a 50:50 beamsplitter to pro-
vide beams for a subsequent nonlinear mixing scheme. The
reflected component was frequency tripled using a pair of
β-BaB2O4 (BBO) crystals and the resultant third harmonic
separated from the fundamental and second harmonic beams
using a series of dichroic mirrors. The transmitted component
was further split by a 50:50 beamsplitter to provide beams
for cross correlation measurements and additional nonlinear
mixing. The latter of these was recombined and overlapped
spatially as well as temporally with the third harmonic pulse
in a BBO crystal to provide the fourth harmonic of the FLASH
pump–probe laser via sum-frequency generation. A series of
dichroic mirrors were utilized to separate the residual third
harmonic and fundamental light from the fourth harmonic
beam. The fourth harmonic central wavelength was selected
to coincide with the 6s (2E3/2) 000 Rydberg state of CH3I at
201.2 nm [17], via tuning of the phase matching angle of the
final BBO crystal. It had a bandwidth of 0.75 nm. Typical pulse
energies for the 201.2 nm light during the experiment were
∼0.5–1 μJ, and these were adjusted to minimize contributions
associatedwith two-photon ionization of the molecular ground
state.

The pulse duration of the ultraviolet (UV) pump pulse
was characterized in situ by performing non-resonant two-
color multiphoton ionization of Xe with the fourth harmonic
and the fundamental of the FLASH pump–probe laser sys-
tem. Figure 2 shows the time-resolved ion-yield for Xe+ as
a function of UV + infrared (IR) pump–probe time-delay.
Fitting this transient feature to a Gaussian function yields a
cross-correlation width, τxcorr, of 141 ± 6 fs. Based on the
literature ionization potential of 12.1298 eV, a total of 4 IR
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Figure 2. Cross-correlation trace of the fundamental and fourth
harmonic of the FLASH pump–probe laser system measured via
two-color multiphoton ionization in Xe using PImMS. A Gaussian
fit to the time-dependent Xe+ signal yields a full width at half
maximum of 141 ± 6 fs, where the error represents the standard
error on the fitted parameter.

photons are required to create Xe+ (i.e. a 201.2 nm+ 4× 810
nm ionization process) and a lower limit of the pulse dura-
tion can be estimated using τ 2xcorr = τ 2810nm/4 + τ 2201.2nm, where
τ810nm and τ201.2nm represent the duration of the 810 nm and
201.2 nm pulses, respectively. Independent measurements of
τ810nm were performed using an autocorrelator (τ810nm = 57±
3 fs) and a value of τ201.2nm = 138± 3 fs could be determined.
The extracted value is significantly longer than the Fourier-
transform-limited pulse duration, assuming a Gaussian pulse
shape, of 80 fs based on themeasured spectral bandwidth. This
discrepancy is expected due to dispersion from propagation of
the UV pulse through the 5 mm CaF2 entrance window on the
CAMP instrument as well as propagation in the BBO crystals.
For the employed pulse energies and assuming a focal spot
size diameter of 30 μm, based on Gaussian beam optics, an
upper limit of low 1012 W cm−2 was obtained for theUV inten-
sity. The temporal overlap between the UV and FEL pulse was
determined in situ using the following method. Initially, the
overlap between the IR and FEL pulses was found by moni-
toring the ratio of Xe2+/Xe3+ in a two-color experiment. This
ratio decreases when the FEL preceeds the IR pulse, due to the
IR pulse post-ionizing metastable Xe2+ ions formed follow-
ing Xe (4d) ionization and Auger decay [32–34]. Fitting this
ratio as a function of delay to a normal cumulative distribution
function yielded t0 between the IR and FEL. Combining this
with the UV/IR t0 allowed the UV/FEL t0 to be determined.
This procedure was carried out prior to the acquisition of the
CH3I data, and although relative timing of the optical laser
and the FEL appeared stable during the experiments, there
is some uncertainty in the precise value of t0 due to possible
experimental drift.

A holey mirror was utilized for laser incoupling to achieve
nearly co-propagating UV and FEL pulses. The polarization
directions of pump and probe light were parallel to each
other in the detection plane, permitting the use of standard
Abel inversion techniques [35]. A computer-controlled delay
stage in the fundamental beampath before nonlinear mixing
provided a variable time between the laser-pump and FEL-
probe pulses. The central wavelength of the intense XUV

FEL pulse was selected to coincide with the maximum of the
I 4d5/2,3/2 → εf shape resonances [15, 16] (95 eV), ensur-
ing site-specific probing at the iodine atom. Due to the high
absorption cross section at the shape resonance, an FEL pulse
energy of approximately 1 μJ was utilized. However, to ensure
reasonable pulse-to-pulse stability, the FEL was operated
under higher gain conditions and then filtered to the desired
pulse energy by a series of thin Zr andNb filters. Pulse energies
of 25 ± 6.4 μJ were recorded using an upstream gas monitor
detector (GMD), and the FEL pulse duration was estimated to
be 50–60 fs [36]. Based on previous measurements [29] and
an assumed FEL focal spot size of 10 μm, this corresponds to
approximately 1013 W cm−2 for the XUV intensity.

Ions created from the interaction of the FEL with CH3I
were recorded using a VMI spectrometer equipped with two
microchannel plates (MCPs) coupled to a P47 phosphor
screen. The electrostatic opticswere operated under conditions
such that ions with the same initial transverse velocity, rela-
tive to the time-of-flight (ToF) axis, and mass-to-charge ratio
(m/z) arrive at the same position on the MCP [37]. Flashes on
the phosphor screen were imaged by the PImMS camera [26,
27], equipped with a PImMS2 sensor. The sensor is a 324 ×
324 pixel detector that recorded the spatial positions (x, y) as
well as arrival times (t) of incident photons with a precision of
25 ns and with time-stamping of up to four ion hits per pixel
per trigger/readout (10Hz). This provides a means to record all
ionic fragments within a given laser shot at a resolution suffi-
cient to differentiate most ion fragments for our employed ion
optic voltages. Furthermore, recording all ion momenta in a
single laser shot permits data to be collected under conditions
suitable for covariance or coincidence imaging and hence cor-
relations to be extracted for different fragmentation channels
[38, 39].

Centroiding of the observed (x, y, t) ion datawas performed,
due to each ion hit generally spanning multiple pixels and
time bin registers, to improve the achievable three-dimensional
momentum resolution [40]. Calibration of the mass-to-charge
ratio was performed using the distributions of different iodine
charge states and cross-checked using atomic Xe under the
same voltage conditions. The transverse momentum calibra-
tion (i.e. pixel to kinetic energy) was performed using ion
trajectory simulations, carried out using the SIMION 8.1 soft-
ware package [41], from which an empirical formula for the
relationship between the hit position and fragment kinetic
energy was constructed. Fluctuations in the FEL pulse energy
and timing were monitored on a shot-to-shot basis [42], using
the measurements of the gas monitor detector [43] and the
bunch arrival monitor (BAM) [44], respectively.

3. Results and discussion

Figure 3 shows the averaged mass spectra for the ionization of
CH3I by the UV pulse and the XUV pulse separately, as well
as by both pulses at positive pump–probe delays (UV preced-
ing the FEL). The dominant pump–probe channel of interest
in the present work is single-photon UV excitation to the B-
state in CH3I, hence to limit unwanted contributions due to
multiphoton ionization, the intensity of the 201.2 nm pulsewas
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Figure 3. Centroided CH3I mass spectra recorded by PImMS for
UV + FEL (blue), FEL only (purple) and UV only (red). Each
spectrum was normalized by the total number of shots. The UV +
FEL data was summed over all positive pump–probe time-delays
corresponding to the UV preceding the FEL pulse.

set to barely ionize themolecular ground state. This is reflected
in the UV only mass spectrum where the CH3I+ parent ion
as well as small amounts of CH+

3 fragment were observed.
Favorable production of the parent ion is in accord with the
expectation that the 6s 2E3/2 Rydberg state correlates well with
the ionic core of the CH3I+ ground state [17].

The interaction of the parent molecules with the FEL pulse
alone predominantly results in production of charged atomic
iodine up to I6+ paired with CH+

x (with x � 3), as well as
singly- and multiply-charged carbon ions. The ion spectra also
contain a significant amount of H2O+ and its fragments stem-
ming from the ionization of residual gas. The presence of
iodine charge states beyond I3+ is a clear indication of multi-
photon ionization initiated by the FEL pulse. Comparisonwith
synchrotron measurements of single-photon ionization of Xe,
which is isoelectronic with I− and likely has similar ioniza-
tion cross sections as well as Auger decay pathways, at our
employed photon energy of 95 eV suggests that only charge
states lower thanXe3+ are formed in the single-photon process
[45]. Identification of charge states of In+ with n > 6 is ham-
pered by overlapping ToF features with H2O+ and CH+

x , and
the limited temporal resolution of the PImMS camera. These
higher charge states are, however, likely present in the current
experiment, given the employed FEL intensity.

Two distinct classes of pump–probe features are observed
in the mass spectrum, namely: (i) enhancement in the yield
of multiply charged atomic iodine (I2+ to I6+), and (ii) deple-
tion of I+ yield and the yield of numerous fragments between
m/z = 10 to 15. The former results in a slight narrowing of
the I2−6+ peaks, compared to the FEL only case, which can
be attributed to low KE atomic iodine fragments produced
via neutral dissociation, as in several previous studies [9, 11,
12]. The presence of low KE iodine fragments is more clearly
observed in the sliced velocity map images associated with
a particular 25 ns time bin. Figure 4 shows images of the
transverse velocities for various iodine fragments for the cen-
tral 1–2 time bins of a given ToF peak. For each ion, UV
late and UV early data are shown in the left- and right-hand
side of the images, respectively. Focusing initially on the I2+

Figure 4. Sliced ion images for the I+ to I4+ fragments for a specific
25 ns time bin(s) corresponding to the centre of the ToF peak. These
images are generated from the centroided ion hits and have also
undergone four-fold symmetrization about the laser polarization
axis, �E. For each ion, the left-hand side of the image corresponds to
negative pump–probe delays (UV late), while the right-hand side
corresponds to positive pump–probe delays (UV early). For I2+ to
I4+, the UV late data has been multiplied in intensity by the
displayed factor, to increase the visibility of the weak features.

fragment, it is evident that two distinct features are observed:
an intense feature at relatively low radii observed only after
time-zero, and a weaker diffuse feature at larger radii. The
former of these relates to ionization of neutral atomic iodine
produced via the predissociation process, whereas the latter
is connected with the Coulomb explosion of neutral parent
molecule by the FEL pulse. Features due to the same processes
are also present in the higher iodine charge state images but
with significantly reduced relative intensity in the Coulomb
explosion channel. The pump–probe feature associated with
neutral predissociation is observed at lower radii for higher
charge states–this is to be expected as under VMI conditions,
radius is proportional to 1/

√
q, for an ion of charge q [37].

We note that the photoion angular distribution associated with
the production of neutral iodine via predissociation is peaked
perpendicularly to the laser polarization axis, defined verti-
cally in figure 4. Previous studies reported qualitatively sim-
ilar photofragment anisotropies, as discussed in more detail in
section 3.3.

3.1. Three-dimensional ion imaging

In conventionalVMI experiments, the recorded velocity distri-
butions are two-dimensional projections of theNewton sphere,
as a result of ‘crushing’ in the plane of the detector [37].
In systems with cylindrical symmetry, such as the present
experiment (along the polarization vector of the UV and
XUV pulses), a cut through the three-dimensional distribu-
tion may be extracted by applying the inverse Abel trans-
form [46], for which several numerical methods have been
developed [35, 47–51]. Alternatively, these transformation
methods (and the inherent addition of noise) may be avoided
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by gating the detector in time such that only the ‘central
slice’ of the Newton sphere of velocities is recorded, cor-
responding to ions with minimal velocity along the labo-
ratory ToF axis. The radial and angular dependence of the
original three-dimensional velocity distribution can then be
extracted from this central slice, assuming cylindrical sym-
metry. Multiple experimental schemes have been developed
to carry out high-resolution slice imaging, generally by modi-
fying ion optics potentials in order to temporally stretch ion
Newton spheres, allowing a thin central slice to be imaged
[52–54]. Particularly in the context of time-restricted experi-
ments at external user facilities, such as FLASH, this method-
ology has one major disadvantage. By only imaging the cen-
tral slice of the velocity distributions, relatively few ion events
can be recorded, increasing the experimental time required to
acquire a meaningful velocity distribution. Further improv-
ing the slicing resolution (i.e. imaging thinner slices) only
exacerbates this problem, as does extending the approach to
time-resolved studies. The intuitive solution to this is to record
the ion data in a fully three-dimensional manner, allowing all
the ion events to be usefully analyzed, while still avoiding
the inverse Abel transform. At low count rates, this can be
achieved with very high resolution using a cold target recoil
ion momentum spectrometer (COLTRIMS) or reaction micro-
scope [55, 56]. Due to the rather low repetition rate of many
current FELs (10 to 120 Hz), operation at a far higher count
rate is often desirable. At these count rates (approximately
65 ions per shot in the current experiment, for example),
three-dimensional imaging can be achieved by coupling a
VMI spectrometer with a fast time-stamping detector, such
as the PImMS camera [27] or TimepixCam [57, 58]. Instead
of a single time-sliced image through the central slice of the
Newton sphere, many time-sliced images through the New-
ton sphere may be recorded [59, 60], with each time-sliced
image corresponding to different initial ion velocities along
the ToF axis. In the present experiment, sufficient stretch-
ing of the ion ToF peaks to allow many time-sliced images
to be recorded was achieved by employing low ion optics
voltages. Figure 5(a) shows example time-sliced images for
the I2+ ion, plotted for all positive pump–probe delays. Each
image corresponds to a different 25 ns PImMS time bin and
thus a different range of ion velocities along the ToF axis, as
depicted in figure 5(b).

Using ion trajectory simulations of the spectrometer, in
SIMION [41], ion events in terms of position (x, y) and arrival
time (t) at the detector can be calibrated into initial ion veloci-
ties along the lab-frame X, Y and ToF axes, respectively. From
these, a total velocity, v for each ion event can be calculated

as v =
√
vX2 + vY2 + v2ToF. An example velocity distribution

calculated this way is plotted in blue in figure 5(c) for a sin-
gle 100 fs pump–probe delay bin, comprising ca. 600 laser
shots and 6000 I2+ ion events. For comparison, velocity dis-
tributions obtained using only the central slice ion images
(red) or through Abel inversion of the crushed ion images (i.e.
summed images across the entire I2+ ToF range) using the
pBASEX algorithm (purple) [35, 61]. It can be seen that the

Figure 5. (a) Series of example time-sliced images of the I2+ ion.
Each image corresponds to a single 25 ns PImMS time bin, and the
data has been summed over all positive (UV early) pump–probe
delays. (b) Schematic illustration of three-dimensional time-slicing
of a Newton sphere. Successive time-sliced images are shaded in
different colors, with the central slices shaded red. (c) Example I2+

velocity distributions obtained for a single pump–probe delay bin,
by analyzing only the central slice (red), through Abel inversion of
the two-dimensional crushed ion image (purple) or analyzing the
data in three dimensions, as described in the text (blue).

three-dimensional analysis of the data yields a velocity distri-
bution with a significantly improved signal-to-noise ratio, as
all the recorded data can be usefully analyzed. This improve-
ment in data quality was crucial for the detailed pump–probe
time-resolved analysis presented in sections 3.2 and 3.3. Addi-
tionally, cylindrical symmetry is no longer required to extract
velocity information, facilitating future experimentswithmore
complex pump and probe polarization geometries. Higher res-
olution time-stamped detection (e.g., using Tpx3cam [62])
would also improve the achievable three-dimensional veloc-
ity resolution. As such, our results lead us to conclude that
3D imaging will be a powerful tool in future time-resolved
FEL studies, especially considering the continual technolog-
ical advancements in fast time-stamping detectors [58, 62].

3.2. Photofragment kinetic energies and transient yields

The time-dependencies of the iodine fragment momenta
shown in figure 4 are more clearly visualized by plotting
time-dependent kinetic energies. The kinetic energy dis-
tribution of the I2+ fragment is shown in figure 6(a)
alongside the integrated transient for the low-kinetic energy,
delay-dependent feature in panel (b). These KE distributions
are generated by performing integration over both the polar
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Figure 6. (a) The time-resolved I2+ KE distribution obtained from
integration of the polar and azimuthal angles of the 3D Newton
sphere (as detailed in section 3.1). Negative delays correspond to the
FEL probe pulse arriving before the UV pump pulses, and vice
versa. Above 0.5 eV, intensities have been scaled by a factor of 5 in
order to more clearly show the depletion of the broad, high KE
feature. Kinetic energy distributions for UV late (−1 ps to 0 ps) and
UV early (+8 ps to +9 ps) pump–probe delays are projected in red
and blue, respectively. (b) Integrated ion yields for the low kinetic
energy feature (∼0.2–0.4 eV), fit using the model described in the
text. The extracted fit parameters for I2+, as well as higher charge
states are provided in table 1. Note, the displayed error bars
correspond to the statistical counting error.

and azimuthal angles, thereby utilizing the 3D momentum
imaging capabilities of the PImMS camera, as well as normal-
izing by the number of frames and by the FEL pulse energy,
recorded on a shot-to-shot basis. Images were recorded over
a pump–probe time-delay range spanning approximately −1
to 9 ps with variable step size but re-sorted to smaller steps,
based on the BAM measurements [42].

The transient yield for the low KE region highlights the
monotonically increasing behavior of the I2+ fragments (see
figure 6 panel (b)). The low KE channel can be assigned
to C–I bond cleavage of the neutral molecule and produc-
tion of a neutral iodine atom, which is subsequently ion-
ized by the FEL pulse [9, 11, 12]. This is corroborated by
the narrow KE distribution of the associated I2+ since the
methyl cofragment likely remains neutral due to its much
weaker soft x-ray absorption cross section. This is in stark
contrast to ionization induced dissociation (i.e. where one
fragment is charged before interaction with the FEL pulse),
which results in time-dependent KEs, due to the Coulomb
repulsion changing as a function of internuclear distance [11].
Time-dependent KEs were also previously observed in our
work probing photodissociation dynamics using near-infrared
Coulomb explosion imaging, where the ionizing laser field,
unlike the FEL at this wavelength, interacts with both neutral
fragments [39, 63, 64].

Figure 7. Time-resolved yields of the low KE (∼0.2–0.4 eV) ions
for (a) I3+, (b) I4+, (c) I5+ and (d) I6+. Experimental data with
statistical error bars are shown in red, while fits using the function
shown in the text are plotted in blue. The exponential rise time, τr,
and time offset, τ0, for each fit are overlaid. Panel (e) displays
time-resolved yields of low KE I2+ to I6+ ions shortly after
time-zero. Fits for each ion are plotted both with (solid lines) and
without (dashed lines) Gaussian convolution by the instrument
response function. Offset times predicted by the over-the-barrier
model, relative to the fitted offset time for I2+ are displayed for each
ion as colored arrows.

In order to model the time-dependence of the low KE tran-
sient, a fitting function employing the product of an expo-
nential rise and a Heaviside step function convoluted with a
Gaussian instrument response function was used. Fits to the
experimental data (see figure 6(b)) yield two quantities: (i)
the time offset, τ0, of the rising component from the tempo-
ral overlap of the UV and FEL pulses; and (ii) the rise time,
τr of the exponential. The temporal instrument response can
be estimated from the lower limit of τ201.2nm determined in
section 2 and the estimated FEL pulse duration of 50 fs. This
yields a value of 147 fs, which was used in the fitting. An
offset between the temporal overlap and appearance of the
iodine fragment is expected, due to the time associated with
wavepacket motion on the dissociative state, and was deter-
mined to be 28 ± 11 fs for the I2+ channel. The fit extracts
a transient rise time of 1.54 ± 0.03 ps, which is in excellent
agreement with previous studies [19, 21, 24]. Analysis of the
low KE feature in I3+–I6+ confirms that the agreement of the
rise time extends to higher iodine charge states but also high-
lights a statistically significant discrepancy in the onset time
as a function of charge state (see figure 7). This discrepancy
can be related, similarly to our previous work [9, 11, 12], to a
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Table 1. Extracted parameters from fits of the low kinetic energy
In+ ions (n = 2–6). The final column shows the relative time offsets
predicted by the over-the-barrier model, as described in the text.

Ion τr/ps τ0/fs τ0–τ0(I2+)/fs τcrit –τcrit(I2+)/fs

I2+ 1.54 ± 0.03 28 ± 11 — —
I3+ 1.54 ± 0.04 51 ± 9 23 ± 14 15
I4+ 1.60 ± 0.04 56 ± 10 28 ± 15 27
I5+ 1.55 ± 0.06 73 ± 12 45 ± 16 38
I6+ 1.52 ± 0.11 127 ± 25 99 ± 27 48

charge transfer process, which will be discussed in section 3.2.
A summary of fit parameters for the lowKE feature in I2+–I6+

is given in table 1.
The asymptotic value of the KE, 0.30 eV, for low energy

I2+, is in accord with the previous work of Gitzinger et al,
where iodine atom center of mass kinetic energies of approx-
imately 0.29 eV were reported [21]. Our measured KE can
be compared to the maximum available KE, KEmax, for the
I∗(2P1/2)+ CH3 dissociation channel, calculated via KEmax =
(mCH3/mCH3I) × (hν201.2nm–D0–ESO), assuming that the CH3

radical carries negligible internal energy. Here, mCH3 and
mCH3I refer to the mass of CH3 and CH3I, respectively,
hν201.2nm refers to pump photon energy,D0 is the C–I bond dis-
sociation energy and ESO is the spin–orbit splitting of atomic
iodine. A KEmax of 0.297 eV is extracted from this estimation,
which, given the excellent agreement with our measured KE,
suggests only a small amount of internal energy release into the
CH3 cofragment during dissociation. This is in keeping with
previous studies [21], where only a few quanta of the ν1 and
ν2 vibrational modes in the CH3 fragment were populated dur-
ing B-band predissociation. A similar calculation performed
for the I(2P3/2)+ CH3 dissociation results in a KEmax of 1.233
eV, confirming the absence of this channel, in accord with pre-
vious time-resolved results for the 000 vibronic state of the B-
band [21, 24]. A recent detailed investigation of the vibrational
level dependence, in the initial excitation, on the photodis-
sociation branching ratio highlighted a 0.01 ± 0.01 quantum
yield for the I(2P3/2)+CH3 channel [25]. Finally, we note that
asymptotic values of approximately 0.3 eVwere also extracted
for the momenta associated with higher iodine charge states
(I3+ to I6+).

3.3. Charge transfer signatures

The intense XUV pulse used in the present study may initi-
ate multiple photoionizations and Auger decays at the iodine
atom, leading to a highly localized positive charge. In a molec-
ular environment, this charge is rapidly redistributed and leads
to a Coulomb explosion. This results in the production of ions
such as CH+

x (x = 0, 1, 2, 3) and H+ in high yield follow-
ing irradiation with the FEL pulse alone (figure 3) as well
as the high kinetic energy channels observed in In+ arising
from Coulomb explosion. If the C–I bond dissociates prior
to multiple ionization by the FEL pulse, charge may still
transfer to the neutral CH3 cofragment, but the probability
for this depends strongly on fragment separation. In the limit
of sufficiently large internuclear distances, charge transfer no

longer occurs. This behaviour in CH3I was observed by Erk
et al [9], who employed intense 800 nm pump and 1500 eV
probe pulses. The near-infrared pulse predominantly induced
dissociative ionization, while the XUV pulse multiply ionized
the molecule selectively via the iodineM shell. Monitoring the
delay-dependent rise of the low kinetic energy feature (aris-
ing from dissociative ionization followed by multiple inner-
shell ionization) in a range of iodine charge states revealed a
shift to later onset times, which increased with charge state.
This was interpreted as an increase in the critical internu-
clear distance at which charge transfer is no longer possi-
ble for increasing iodine charge state. At shorter pump–probe
delays and thus shorter internuclear distances, charge is trans-
ferred, and the ions repel and are produced with higher KEs.
These results (and results from follow-up experiments [11,
12]) could be understood within the theoretical framework
of a classical over-the-barrier model, originally developed for
ion–atom collisions [28]. Here, chargemay be only transferred
if the Coulombic barrier to electron transfer is lower than the
ionization energy of the site ‘donating’ the electron. As this
barrier rises with internuclear distance, a critical separation,
rcrit, may be derived, beyond which charge transfer is forbid-
den. For the case of electron transfer from iodine with charge
n to a neutral CH3, rcrit is given in atomic units by [9]:

rcrit(n) =
1+ 2

√
n

IPCH3

(1)

where IPCH3 is the ionization energy of the methyl radical.
In the present study, the predissociation dynamics induced

by the 201.2 nm pump pulse is rather different to the dissocia-
tive ionization or direct neutral dissociation used in our previ-
ous studies [9, 11, 12] employing 800 nm and 270 nm light,
respectively. However, the physics of the subsequent charge
transfer processes are unchanged, and once more a shift in the
onset of the low KE ions for increasing iodine charge state is
to be expected. Fits of the low KE In+, ions, as described in
detail for the I2+ ion in section 3.1, are shown in figure 7 for
n = 3–6 in panels (a)–(d).

A shift in the exponential rise in the ion yield can be clearly
observed, with the start of the exponential rise systematically
moving to later delays for higher iodine charge states, where
a greater rcrit is expected. To make a quantitative compari-
son to the over-the-barrier model, it is helpful to view these
τ0 values relative to that of I2+, which removes any ambigu-
ity about the precise assignment of the t0 of the experiment.
These values may then be compared with shifts predicted by
the over-the-barrier model, relative to the I2+ ion, assuming
a constant relative velocity between the CH3 and I fragments
following dissociation. The measured, and reference [21], KE
of approximately 0.29 eV for the iodine fragment corresponds
to a relative velocity of 63 Å ps−1. Assuming this recoil veloc-
ity is reached instantaneously at the time of ionization gives
the predicted time delay shifts plotted as colored arrows in
figure 7(e) and shown in the fifth column of table 1. The agree-
ment observed is generally very good, despite limitations such
as the temporal resolution of the experiment and the simplic-
ity of the model. The I6+ ion shows a relatively poor agree-
ment with the model, exhibiting a significantly greater shift in
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Figure 8. Time-resolved yields of the high KE ions for (a) I2+ and
(b) I3+. Experimental data with statistical error bars are shown in
red, while fits using the function discussed in the text are plotted in
blue. The two separate contributions to the fit arising from (i)
Coulomb explosion of bound CH3I molecules and (ii) Coulomb
explosion following charge transfer between recently dissociated
fragments are plotted in magenta and turquoise, respectively.

offset time than predicted. While this may hint at some devi-
ations between the true mechanism of the charge transfer and
the very simple model used here, it should also be noted that
the total ion counts in this channel, and the quality of the fit, are
relatively low. On this point, future similar experiments with a
greater FEL intensity to probe the charge transfer from higher
iodine charge states in this system would likely be of great
interest.

Charge transfer involving multiply charged iodine atoms
shortly after neutral dissociation should give rise to a delay-
dependent Coulomb explosion channel. For example, for a
charge transfer from a dissociated In+, this would result in
high KE I(n−1)+ and CH+

3 ions. However, this feature, which
would be most intense shortly after time-zero, is likely to
overlap energetically with Coulomb explosion of undissoci-
ated parent molecules to I(n−1)+ and CH+

3 directly. To our best
knowledge, such a feature has not been observed in previous
experiments. However, in examining the time-dependence of
the high KE channel in the I2+ and I3+ ions in particular, a
small enhancement shortly after t0 is clear, superimposed on
the expected exponential decay associated with parent deple-
tion as a result of predissociation. It is worth noting that the
observed delay-dependence was fairly consistent across the
entire broad high KE feature in both these ions, and different
contributions could not be separated by their kinetic energies.
As a result, the delay dependence of the total yields of all ions
within the broad high KE band is investigated, as plotted in
figure 8.

To investigate the origin of this feature, the data were fit-
ted to a simple model incorporating contributions from (i)
Coulomb explosion of bound molecules and (ii) Coulomb
explosion following charge transfer between recently disso-
ciated fragments. The predissociation was again assumed to
follow unimolecular kinetics (i.e. an exponential time depen-
dence), and it was assumed that charge transferwould occur for
a certain critical time, τcrit, following dissociation. The over-
all fit function is then obtained by a summed weighting of the
contributions from intact molecules and charge transfer pairs.
As with previous fits, a Gaussian convolution is performed to
account for the experimental time resolution. Due to the pres-
ence of two contributions with unknown relative weightings,
certain parameters had to be fixed in order for fitting to be pos-
sible. This is not a problem, as some parameters can be used
from the previously described fits of the low KE ion yields,
namely, the predissociation time, τr, and the critical time, τcrit.
As the charge transfer signal seen in the I2+ is assumed to arise
from charge transfer between neutral CH3 and I3+, the critical
time of this process should be the same as the observed time
shift in the yields of low KE I3+ ions. An analogous argument
can be made for the signal in the I3+ ion arising from charge
transfer from I4+. Upon fixing the value of these parameters,
the delay-dependence of the high KE features in the I2+ and
I3+ ions can be reliably fitted, with the weightings of the two
previously mentioned contributions left as the only remaining
fit parameters. The resulting fits are displayed in figure 8 and it
can be seen that this model, incorporating an over-the-barrier
picture of the charge transfer, can qualitatively reproduce the
behavior seen experimentally. The exact form of the charge
transfer contribution to these transients is predominantly deter-
mined by the experimental time-resolution of the currentwork.
Future work with improved time-resolution to directly probe
the delay dependence of this charge transfer signature in finer
detail would be of great interest.

3.4. Photofragment angular distributions

The time-integrated iodine ion images presented in figure 4
highlight the significant anisotropy of the lowKE feature; with
a concentration of signal perpendicular to the laser and FEL
polarization axis. Analysis of the ion images as a function
of pump–probe delay reveals variation in the degree of this
anisotropy, which can be characterized through the anisotropy
parameter β. For the case of single-photon dissociation of
an unaligned target, the photofragment angular distributions
adopt a form [65] I(θ) = (σ/4π)[1 + βP2(cos2 θ)]. Here, σ
refers to the total absorption cross section, θ is the angle
between the linear polarization and the photofragment veloc-
ity vectors, and P2(cos2 θ) is a Legendre polynomial of second
order. Presented in figure 9 is the β parameter extracted from
fits to the KE integrated I3+ images for the low KE feature.
This analysis could not be performed as reliably on the I2+

images, due to a FEL only background feature which over-
laps energetically with the pump–probe feature of interest.
Re-binning of the data into significantly coarser delay bins
than those shown in figure 6was required for the angular analy-
sis due to relatively low statistics for each image in the previous
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Figure 9. Photofragment anisotropy parameter β extracted for the
I∗(2P1/2) channel as a function of pump–probe delay for the I3+

fragment. Error bars represent statistical errors of the fitted
parameter. A discussion of the fitting methodology is presented in
the main text.

binning. We note that, unlike the time-dependent KE analy-
sis, the image analysis was performed on the central slice(s)
of the Newton sphere associated with a particular iodine frag-
ment rather than the 3D distribution or crushed images which
require subsequent Abel inversion. This choice is motivated
by the reduction in achievable angular resolution for time bins
away from the central slice, due to the time resolution of the
PImMS camera.

In the limit of a prompt dissociation process, the perpen-
dicular nature of the X → B transition should give rise to a
photofragment angular distribution with β = −1. Deviation
from this expected value can arise from molecular rotation
occurring on a comparable time scale to the dissociation pro-
cess [66]. This is expected for the B-state predissociation in
CH3I where, slow (picosecond) crossing onto the A-band sur-
face occurs, followed by sub-100 fs dissociation on the lat-
ter surface. Figure 9 reveals a value of β = −0.7 observed
within the first few 100 femtoseconds, which decays towards
approximately = −0.4 within 2 ps. The time-dependence
of the extracted β parameter qualitatively matches the trend
observed by Gitzinger et al where high degrees of anisotropy,
close to β = −1, are observed at early pump–probe delays and
an asymptotic value is reached with a few picoseconds [21].
There are, however, numerous subtle differences between the
two measurements due to the temperature of the CH3I sam-
ple. Despite the sample undergoing some degree of rotational
cooling via the supersonic expansion, the rotational tempera-
ture of the sample needs to be considered as this corresponds
to the rotational energy that causes the CH3I axis distribu-
tion to evolve from the aligned distribution created by the
pump pulses. A detailed discussion of the deviation of the
asymptotic value of the iodine fragment angular distribution
from the limiting case of β = −1 is provided in reference
[24]. The authors highlight that asymptotic values closer to
isotropic are reached for warmer targets and, therefore, vari-
ation between molecular beam expansion conditions (contin-
uous versus pulsed jet, seeded versus non-seeded, etc) can
give rise to differing values. A value of β = −0.549 ± 0.005
was reported at a time delay of 8 ps, which is slightly higher
than the asymptotic values of β = −0.50 ± 0.07 reported

in a previous study [21]. This small deviation is assigned
to the use of a continuous versus a pulsed molecular beam
source in the two studies, respectively. Unlike the previous
results, where rare gas seeded expansionswere used, our appa-
ratus employed a neat expansion of CH3I, which certainly
correlates with a substantially higher rotational temperature.
This assertion is in keeping with our asymptotic β of ∼−0.4.
Finally, we note that recent nanosecond REMPI experiments
from Xu and Pratt report a β value of −0.33 ± 0.01 for the
I∗(2P1/2) + CH3 channel after excitation to the 000 state of the
B-band [25].

4. Conclusions

Results for a time-resolved imaging experiment investigat-
ing the predissociation and charge transfer dynamics in CH3I
using femtosecond XUV pulses at an FEL were presented.
Excitation at 201.2 nm to the band origin of the B-state
results in a predissociation process involving non-adiabatic
coupling to the lower-lying strongly dissociative A-band. At
our employed FEL photon energy of 95 eV, the ensuing C–I
bond cleavage is probed in a site-specific manner due to the
high absorption cross section of the iodine atom at this energy.
In accord with several previous experimental [21, 24] as well
as theoretical studies [3], a quantum yield close to one for the
I∗(2P1/2) + CH3 dissociation channel is observed. An appear-
ance time of 1.53 ± 0.02 ps is reported for the iodine frag-
ment, which was found to be largely invariant with respect
to charge state, within our experimental uncertainty. Analy-
sis of the onset time for each charge state, however, high-
lighted significant changes; with the lower charge states (e.g.
I2+) being produced at earlier times compared to higher ones
(e.g. I6+). This observation, similar to our previous work
[9, 11], can be attributed to a charge transfer process occur-
ring at smaller internuclear distances before the I and CH3

cofragments have separated. Excellent agreement was found
between the extracted time offsets as a function of charge state
and estimates determined using a classical over-the-barrier
model. Unlike previous studies, a slight enhancement in the
yield of high KE In+ (n = 2–3) ions shortly after time-zero
was observed. This feature was assigned to Coulomb explo-
sion as a result of charge transfer involving recently disso-
ciated iodine atoms, following their multiple ionization by
the XUV pulse. The delay-dependence of this feature could
be broadly understood, again using a simple over-the-barrier
model of the charge transfer. However, future studies employ-
ing shorter duration UV pulses, coupled with higher statistics
and covariance analysis may be able to probe this feature and
the underlying charge transfer dynamics far more intricately.

By exploiting the multimass time-stamping capabilities of
the PImMS camera, the three-dimensional momentum of all
iodine charge states could be recorded simultaneously. This
resulted in significantly higher data rates, compared to con-
ventional sliced imaging approaches, and circumvented the
need for inversion techniques to reconstruct the full 3D data
from a 2D crushed image, which typically introduce noise.
The data presented here constitutes 3 h of experimental time at
10 Hz and highlights the applicability of our imaging
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approach to both time-pressured and parameter varying exper-
iments, such as those conducted at FEL facilities. Sliced
images were, however, utilized to investigate the photofrag-
ment angular distributions for the I∗(2P1/2) + CH3 disso-
ciation channel. A strong anisotropy perpendicular to the
laser polarization is observed at short pump–probe delays,
which becomes more isotropic due to rotation of the parent
molecule prior to dissociation, a conclusion in accord with
previous works [21, 24]. We note that our three-dimensional
imaging approach could be readily extended to photofrag-
ment angular distributions by utilizing a faster time-stamping
camera technology and/or correlation analysis with the ToF
traces recorded from the MCP directly. Optimization of
these imaging conditions will permit a new class of exper-
iments to be performed that exploit, for example, complex
polarization geometries and three-dimensional covariance
imaging [67].
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