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Abstract: Molecular dynamics is of fundamental interest in natural science research. The capability
of investigating molecular dynamics is one of the various motivations for ultrafast optics. We present
our investigation of photoionization and nuclear dynamics in methyl iodine (CH3I) molecule with
an X-ray pump X-ray probe scheme. The pump-probe experiment was realized with a two-mirror
X-ray split and delay apparatus. Time-of-flight mass spectra at various pump-probe delay times were
recorded to obtain the time profile for the creation of high charge states via sequential ionization and
for molecular dissociation. We observed high charge states of atomic iodine up to 29+, and visualized
the evolution of creating these high atomic ion charge states, including their population suppression
and enhancement as the arrival time of the second X-ray pulse was varied. We also show the
evolution of the kinetics of the high charge states upon the timing of their creation during the
ionization-dissociation coupled dynamics. We demonstrate the implementation of X-ray pump—probe
methodology for investigating X-ray induced molecular dynamics with femtosecond temporal
resolution. The results indicate the footprints of ionization that lead to high charge states, probing the
long-range potential curves of the high charge states.
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1. Introduction

Molecular dynamics, including nuclear motion and electronic motion, are one of the fundamental
aspects in scientific investigations, the information of which provides microscopic insights into
chemical reactions and biological processes. Photo-induced dynamics in molecules can be essential to
natural processes as well as in applications: electron transportation fuels the photo-chemical energy
transformation in photosynthesis [1], photoabsorption, and the subsequent molecular fragmentation
leads to application in bioimaging [2] and radiation therapy [3]. Knowledge concerning the dynamics
of the charge and the nuclei in a molecule, underlying phenomena—such as photoionization,
charge migration, and molecular dissociation—underpins the potential for photo-control of these
processes and therefore, the possibility for photo-steering chemical reactions at an atomic level, as well
as for optimization of photo-production.

Due to the ultrafast nature of molecular dynamics, e.g., tens to a few hundred femtoseconds for
nuclear motion and sub-femtosecond to a few femtoseconds for electronic motion, ultrafast optical
tools are needed for the investigation of these dynamics. Tabletop optical lasers in near infrared, VUV,
and XUV regimes have been widely applied in work regarding the evolution of nuclear wavepackets
and electronic wavepackets, typically with a pump—probe scheme [4,5]. However, pump—probe
experiments in the X-ray regime with tabletop lasers are still a challenge, due to the low photon output
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in the X-ray photon range, e.g., from high harmonic generation [6]. With the recent developments in
free electron lasers (FELs), short wavelength pump—probe experiments have become practical, due to
the high flux of FELs and have been realized with various X-ray split and delay (XRSD) designs [7,8].
For accelerator-based X-ray sources, pulse splitting and delay can also be implemented in the electron
accelerator stage, before creating the X-ray pulses [9].

X-ray photons can access specific atomic sites in a molecule by selective inner-shell ionization.
This atomic-site specificity allows for creating localized charge and hence, tracing charge transfer even
with a single pulse or with a pulse duration that is longer than the actual time scale of the dynamical
process [10,11]. In a previous work [10], charger transfer from iodine to the methyl group in methyl
iodine molecule (CH3I) was investigated using near-infrared (NIR) and FEL pulses. Therein, the INR
pulse produced singly charged molecular ions and initiated the dissociation and the FEL pulse created
positive charge localized at the iodine which transferred to the methyl group at a later time. In this
work, the vanished atomic iodine ion population at short pump-probe delay time indicates the charge
transfer from the iodine to the methyl group. Single FEL pulse was also used to investigate molecular
dynamics in CH3I and methylselenol (CH3SeH) [11,12], where ion coincidence mapping was used for
correlation of carbon and iodine charge states indicating the charge redistribution within the molecule.
In single pulse experiments, the extraction of the timing information delay on theoretical models,
typically involving Coulomb explosion [11,13].

In the present work, we used a two-mirror XRSD apparatus to generate two X-ray pulses for the
pump—probe experiment where we investigated the molecular dynamics in CH3I molecule. Using a
single-color X-ray pump and X-ray probe scheme, we were able to probe with an independent clock
X-ray induced molecular dynamics, e.g., the sequential ionization and relaxation of highly excited
molecular ionic states via fragmentation. Using time-of-flight mass spectroscopy, we obtained the
time profile of high charge states of atomic iodine and the evolution map of the kinetic energy (KE)
distribution for selected charge states. The results show suppression of high charge states at small
pump—-probe delay time, a dramatic increase till a delay time comparable to the pulse duration,
and an enhancement at relatively longer delay times, all associated with modifications in charge state
branching ratios. The KE distribution shows a monotonic width narrowing down as the pump-probe
delay time increases, as a consequence of increasing abundance of slow ions.

2. Materials and Methods

The experiment was carried out at the atomic, molecular and optical physics (AMO) end station
at the LCLS free electron laser facility (SLAC National Laboratory, Menlo Park, CA, USA). The photon
energy used was 1619 eV which dominantly ionizes the M1 subshell of iodine. The pulse duration for
both pump and probe was 50 fs and the pulse energy measured upstream the focusing mirrors and the
XRSD was 1.3 m]. Considering an X-ray transportation loss of 85%, the actual total pulse energy at the
interaction region is estimated to be ~0.2 mJ, corresponding to an intensity of 4 x 10 W/cm? with a
focal size of ~10 um?. Gas phase CH3I was delivered using a pulsed valve jet. Ion Time of flight (TOF)
signal was detected and recorded at different pump-probe delay times. The details of the experimental
setup are described in [8].

The XRSD apparatus (see [8] for details) consists of two plane mirrors, is designed for soft X-ray
photon energy range (250 eV-1800 eV) and is located downstream of the X-ray focusing mirrors of the
AMO hutch. The positions (angles and height) of the two mirrors are adjusted by actuators to achieve
the desired pump—probe delay time with a minimum time-resolution of 100 as and the maximum delay
time of about 400 fs. The high position reproducibility of the actuators using position sensors make
possible reliable pre-experiment calibration of the actuator settings for any particular pump—probe
delay-time with optimal spatial overlap.

To extract the KE distribution of the ions, we first obtained with SIMION (v5, SIS Inc.,
Ringoes, NJ, USA) simulation the peak shapes B (Ej, t;) of the TOF response for a sequence of discrete
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energy release, E]- (G=1,2, ..., n). These peak profiles are regarded as a set of base functions.
The experimental TOF was fitted by the following function:

n
TOF(t;) = Y IiB(Ej t;) AE;
=1

where AE; is the energy interval and [; are the fitting coefficients.

We also used a point-charge Coulomb explosion model to calculate the time evolution for the
various ionic charges. The model is described in detail in [11], where it was applied to a single-pulse
scenario. The model is designed to represent, in average, the time evolution into any given set
of final atomic fragment charges, including charge build-up, redistribution, and the concurrent
Coulomb explosion. The sequence starts by single-photon absorption by the M1 subshell of iodine,
with subsequent positive charge created by Auger cascades and possibly by additional photoabsorption.
Due to large disparity in photoionization cross-sections in iodine and in the methyl group at this
photon energy, only iodine is assumed to absorb the photons and charge build-up in the methyl group
that occurs via electron dynamics, such as Auger cascades involving molecular orbitals. The statistical
nature of the molecule is reflected in the smooth charge build-up function (instead of stepwise increase
at random intervals for each single event)

t
Qror(t) = Qtot, final (1 —exp (_T)> ,
where T is the empirical, adjustable charge build-up constant.
3. Results

3.1. Timeline for Generation of Highly Charged Atomic lodine Ions

With a photon energy of 1619 eV, the dominant ionization at the first ionization step by a single
FEL pulse is the photoionization of the M; shell electrons of the iodine atom which have a binding
energy of ~1072 eV. The subsequent cascade Auger decay and sequential decay will lead to high
charge states of iodine. The second laser pulse, arriving at a particular delay time, will further ionize
the molecular ions, likely dissociating after being generated by the first pulse. At short delay time,
the ionization by the second pulse kicks in while the ionization by the first pulse is still ongoing.
At longer delay, the second pulse will ionize established charge states during molecular dissociation.

We observed high charge states up to 29+ for iodine and 3+ for carbon, as shown in Figure la
(C* ion peaks marked in Figure la cannot be confirmed in the current experiment, because the
estimated KE is ~230 eV, an increase from that for 3+ is much higher than expected or measured in
previous work [11]). In the case of ‘no overlap’, we moved one of the two split mirrors to avoid spatial
overlap of the two X-ray pulses to experimentally mimic the situation of single pulse with the same
total pulse energy as two separate pulses. To ensure ‘no overlap’, we also set a long time delay of 150 fs.
This single pulse condition will be presented in figures as the case of zero delay. The true time zero,
the zero reference for all pump—probe delays, was set by mechanically making the two split mirrors
co-plane [8]. With a single pulse (‘no overlap’), the overall production of highly charged iodine ions is
minimum even though the interaction region volume doubled, in comparison with the high charge
state yield by two pulses. In contrast, the production of high charge states of carbon is at maximum
in the single pulse scenario, which is similar to the production at long delay time in the two-pulse
scenario. The spectral peaks for I?!* to 123* overlap with those for C?*. Their contribution, however,
broadened the C?* peaks and even leads to a split structure on top of the fast C>* peak at the delay
time of 150 fs (see Figure 1a). The I*’* peak also overlaps with a carbon peak, but is obviously seen on
top of the slow C3* peak. It is possible that charge states of iodine higher than 29+ were produced
but buried under the C3* peak, as barely seen at the valley between the two C3* peaks (see Figure 1a).
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Similarly, the I?!* appears between the two C2* peaks. The abundance of high charge states decreases
for higher charges. The seemingly higher yield of I'®* compared to the adjacent peaks is due to the
contribution of O%* from the background gas in the vacuum chamber. The production of low charge
states (I* to I°*) is favored at long delay time, reaching a maximum with a single pulse as shown in
Figure 1b. At the low charge states, the ion yields at short (20 fs) and intermediate (~40 fs) delay times
are similar.
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Figure 1. Jon Time of flight (TOF) spectra of CH3I at a photon energy of 1619 eV and a pulse duration
of 50 fs. Different curves (color coded) correspond to selected pump—probe delay times (see legend).
The pulse energy is estimated to be ~0.2 m]J, based on 1.3 m] upstream value and a transportation loss
of 85%. ‘no overlap’ is considered to represent the case at zero delay time (see text). (a) Spectral range:
<11 amu; (b) Spectral range: >10 amu. the x-axis is plotted in log scale.

Figure 2 shows the TOF spectra as a function of pump-probe delay with a finer step size (see figure
y-axis tick labels). The time zero spectrum corresponds to that with single pulse mentioned above.
As seen in Figure 2, there is an overall drop in the ionization yield at short pump—probe delay time
(20 fs). Particularly, the very high charge states (>24+) are almost vanished. Most CH3I molecular
ions went through dissociation, since only a small amount of CH3I* remains (see Figure 1b). The first
significant peak is I*, which is much smaller compared to the dominant I** peak, because Auger decay
preferentially generates evenly charged ions and the charges are mainly localized. As the pump—probe
delay time increases, the ion yield for high charge states increases within the pulse duration. The very
high charge state (>24+) peaks reached their maxima at ~100 fs time delay, meanwhile the abundance
of mid and low high charge states increases (see Figure 2). In Figure 2a, one clearly sees the rising
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peaks of 19 121% and I?** above the shoulders of the dominant CZ* peaks. Also, becoming clear are
the peaks of I?>* and I?>* which appear as a split branch on top of the fast C>* peak.

Charge states of carbon ions up to 3+ were observed. The highest charge state reached does not
depend on the delay time. As seen in Figure 1, C** was produced with a single pulse or at short delay
time. However, the abundance of these carbon ions shows a delay-time dependence, increasing for
longer delay time. The contributions of iodine ions under the carbon peaks are not large enough to
explain the changes in the carbon peaks which are dominant. With a single pulse, the carbon ion signal
at all charge states reaches around the maxima, similar to the values at long delay time. This could
be an indication of charge transfer from the iodine to the methyl group that was thwarted by the
ionization with the probe pulse [10].
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Figure 2. Ion TOF spectra as a function of pump-probe delay time at a photon energy of 1619 eV and
a pulse duration of 50 fs. The color represents the ion signal per laser shot (arb. unit) (see color bar).
The “0” delay corresponds to the case of no overlap between the two X-ray beams (see text).
The positons for various charge states of iodine atomic ions are marked and labeled at the top of
the figure. (a) Spectral range: mass/charge < 11 amu; (b) Spectral range: mass/charge > 10 amu.
The x-axes are plotted in log scale.

To illustrate the overall picture of the evolution of the iodine charge states, we integrated the signal
under the spectral peaks of various charge states at different pump—probe times, as shown in Figure 3.
The integral signal with a single pulse was subtracted from the integrated signal at all other delay times,
i.e., using the single pulse spectrum as a reference. Clearly seen in Figure 3 is: (1) high charge states
were enhanced and low charge states were partially depleted by the second FEL pulse, shown as the
trend from negative to positive ion yield difference for increasing charge states; (2) at short delay time,
the depletion of low charge states were stronger compared to that at long delay, shown as the trend of
decreasing absolute ion yield difference for increasing delay time within the block for each different
charge state; (3) long delay time favors the production of very high charge states, consistent with
the theme that these charge states were suppressed at 20 fs delay (negative values for I?°* to I?8*);
(4) 50 fs delay, which is equal to the pulse duration, is an odd point at which the low and very high
charges are dramatically enhanced, but not the intermediate charge states, compared to the case at
adjacent delay times.
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Figure 3. Ion yield as a function of pump—probe delay time for various iodine charge states. Data were
extracted from TOF spectra in Figure 2. The ion yield with a single X-ray pulse was used as a reference
spectrum and subtracted from the iodine charge states at all other delay times.

As roughly seen in Figure 2a, there seems to be a phase shift between the spectrum with single
pulse and those at delays larger than 50 fs for charge states I*>* to I1?8*. The spectra of the same
charge state region are shown in Figure 4, where a decay base line of the spectrum at 20 fs delay was
subtracted from all spectra and the spectrum at 20 fs delay was amplified for clarity of comparison.
The ‘phase shift” actually reflects the fact that at single pulse or small delay times, ions with large KE
were produced; as the delay time increases, low KE ions were produced, filling the valley between the
forward and backward peaks of the high KE ion and even forming a new peak for large delay time.
At intermediate delay times, around 30 fs, the transient case is shown as multiple peaks from both
above origins are seen.
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Figure 4. Jon TOF spectra as a function of pump—probe delay time. The data were from Figure 2a with
the x-axis plotted in TOF. A background trace obtained for the spectrum at 20 fs was subtracted from
all spectra. The spectrum at 20 fs delay was magnified by x6 for purpose of clarity for presentation.
The ‘0" delay corresponds to the case of no overlap between the two X-ray beams (see text). At the top
of the figure, the positions for the charge states of atomic iodine were marked and labeled. The red
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horizontal lines indicate the TOF spread of the forward and backward peaks of , and

identified in the spectrum at 20 fs or single pulse.

3.2. Evolution of KE Distribution

As seen in Figure 1a, with a single pulse, the KE for high charge states (I'>*-I'8") has a broad
distribution, shown as a flat top shape in the TOF spectrum. As the delay time increases, the abundance
of ions with small KE increased, adding signal on top of the flat top, eventually leading to a sharp dome



Appl. Sci. 2017, 7, 529 7of 11

shape, as seen at long delay times. As to extremely high charge states of iodine (12*-1?°*), a sharp
distribution starts at short delay time. For low charge states (shown in Figure 1b), the distribution is
relatively sharp even at single pulse or short delay time, indicating small average KEs. Similarly seen in
Figure 2a, the broad KE distribution with a single pulse is represented by an evenly colored rectangular
region at around zero delay time. As more low KE ions were detected at longer delay times, the shape
of distribution becomes sharper, forming slim columns (see Figure 2).

We extract the ion KE from the TOF spectra with the method described in Section 2. Figure 5
shows the KE of I'** as a function of pump-probe delay time. Each KE spectrum was normalized to
its maximum. The map was interpreted without significant distortion of the distribution to smooth
out the uneven delay-time steps. The ion species of !4+
evolution of the KE distribution and other high charge state species show a similar trend (see Figure 1).
The difference between the distribution obtained from the forward ions and backward ions is mainly
due to the uneven base line caused by spectral overlap with the adjacent peaks. Figure 6 shows the
weighted KE averaged over the forward and backward ions. At small delay time, the KE of I'** shows
a broad distribution with an average KE of 10 eV and a width of ~15 eV. At about 60 fs delay time,
the KE distribution approaches an asymptotic value of ~8 eV with a width of ~8 eV.
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Figure 5. Ton KE distribution of I'** as a function of pump-probe delay time at a photon energy of
1619 eV and a pulse duration of 50 fs. The color represents the ion signal strength which is normalized
to the signal maximum at each delay time. The ‘0" delay corresponds to the case of no overlap between
the two X-ray beams (see text). (a) Ions with the direction of the initial velocity towards the detector
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delay time, extracted from data shown in Figure 5. The ‘0’ delay corresponds to the case of no overlap

between the two X-ray beams (see text).



Appl. Sci. 2017, 7, 529 8of 11

4. Discussion

As mentioned above, two pulses (with spatial overlap) produced more high charge state iodine
ions than a single pulse even with the same total pulse energy. The reason is that the ions generated by
the first pulse and further ionized by the second pulse are associated with higher ionization potentials
which are closer to the photon energy and therefore have larger ionization cross sections compared
to the neutral particles. Since the life time of the iodine M1 shell is only ~435 as [14], much shorter
than the X-ray pulse duration, the suppression of every high charge states at short delay time is likely
due to the depletion of valence shell electrons which hinders the Auger decay, rather than X-ray
induced photoabsorption frustration caused by inner-shell electron depletion which hinders sequential
photoionization [15,16]. Indeed, with a photon energy of 1916 eV, photoionization of M1 shell electron
alone can only lead to up to I?®*, since the binding energy of a 3s electron of 12°* (with all valence
vacancies) is ~1680 eV [17]. At long delay times, the population in iodine high charge states increased,
because the long delay times allow for the completion of the electron transfer from carbon sites to the
methyl group, restocking the valence electrons at iodine needed for the Auger decay.

We obtained the average charge of the atomic iodine ions for different pump-probe delay times,
as shown in Figure 7a. With a single FEL pulse, the average charge of iodine is ~7 amu; with the
second pulse, a charge of ~9 amu was established around 60 fs. The experimental results show a charge
saturation at ~30 fs. We simulated the charge evolution in a pump-probe experiment, as shown in
Figure 7b. The charge by a single X-ray pulse was set to be ~7 amu and a charge built up time of ~30 fs
was used. Since the photoionization cross section for carbon is more than one order of magnitude
less than that of iodine at 1619 eV, photoionization of carbon was excluded in the simulation. Hence,
the carbon charge mainly resulted from the charge transfer between the iodine and the methyl group,
which can charge the carbon site up to 4+ [10,11]. As seen in Figure 7b, the charge on carbon is not
affected by the probe pulse arriving 50 fs later after the pump pulse, because the charge transfer was
hindered due to the large C-1 bond separation at the latter time of the molecular dissociation.

Second pulse arrives
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Figure 7. (a) Experimental average charge of iodine as a function of pump—probe delay time. The ‘0’
delay corresponds to the case of no overlap between the two X-ray beams (see text); (b) Simulation of
charges as a function of time for different ionic species. Pulse duration of 50 fs and delay time of 50 fs
were used. The x-axis is time with zero position at the onset of the first pulse.
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From the TOF spectral peaks with single pulse, we estimated the KEs for , and
(corresponding to horizontal lines in Figure 4, see figure caption), as well as the KEs for the carbon ions
and their associated iodine ions on average. The results are presented in Table 1. Also shown in Table 1
for comparison are the KEs of carbon ions estimated from the results reported in [11]. Since the C-I
bond breaks within the first 10 fs of the X-ray pulse [11], we expect the KE for C* which was dominantly
produced at an early time during the FEL pulse to be similar between the experiments in current work
and in [11]. This is indeed the case as shown in Table 1. However, for higher carbon charge states
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(2+, 3+), the KEs in the current work are much lower than those in [11]. A plausible explanation is:
the high charge states observed in [11] were produced within 10 fs of a single pulse, where one can
consider a scenario of internal clock pump—probe experiment [13,18]; at the very short effective delay
time, the dissociation at short range of the internuclear separation was probed, leading to large KEs
due to stronger Coulomb repulsion; whereas in the current work where an external independent
clock was applied, allowing for relatively larger delay times, the potential curve at long range was
probed, leading to lower dissociation energy at the end. As an example, for low charge states of
iodine, we estimated the KE for I** to be 4.5 eV which is nearly constant for different delay times,
indicating that the C3* ions are likely to be associated with I**. With a similar reasoning, the very high
charge states of iodine are likely associated with high charge states of carbon, but due to their small
abundance, the contribution of the associated carbon ions is also small.

Table 1. Kinetic energy (KE) of carbon and iodine ions. The values for the current work were obtained
from the spectrum with single pulse. The charge states in the parenthesis are the species associated
those for which the KEs are presented.

Species KE (eV) ! Species KE (eV) ! Species KE (eV) ! Species KE (eV) 2

Ct(-I"") 50£09 I™(CH 05+03 125+ 4949 C* (-I") ~6
CZ (-I*) 191423 I (-C**) 18402 126+ 61+10  C2* (-I°%) ~47
C3* ((I*) 425479 I (-C3)  4.0+04 127+ 554+ 10  C3*+ (-I7%) ~100

! Current work. The KEs of I"* are extracted from that of C ion, assuming a two-body break-up. 2 Reference [11].
Single pulse experiment with FEL pulses of 10 fs duration and 5.5 keV photon energy.

As mentioned above, the KE approaches a constant value at ~60 fs delay and the ion yield at
50 fs delay is an odd point in the overall trend. It remains a question whether this tip point around
50 fs for the kinetics is a pulse duration factor or a species-dependent factor. Seeking the answer will
be for future investigations with different FEL pulse durations. The pulse duration was not directly
measured but derived based on electron bunch duration measurements [15]. The actual pulse duration
has been reported to be about half of the cited value [19]. Considering an actual pulse duration of 25 fs
for a nominal value of 50 fs, the interference between the pump and probe pulses is not expected to be
an issue in the current work.

5. Conclusions

We presented an investigation of the ionization and dissociation dynamics in CH3I molecule with
an X-ray pump and X-ray probe scheme. To illustrate the charge dynamics and nuclear kinetics,
we showed the charge state and the KE distribution for selected charge states as a function of
pump-probe delay time. We observed the creation of ions with low KE at a relatively long delay
time, probing the long-range potential curves of molecular high charge states. We also observed the
suppression of high charge states at short delay time and an increase of the high charge states at
long delay time, indicating the time scale of the C-I charge transfer. X-ray pump—probe experimental
approach combined with coincidence measurements for resolving fragmentation channels could hold
the promise for unambiguous time-resolved investigation of molecular dynamics, including decoupled
dissociation and charge transfer dynamics.
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