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Abstract

Ultrafast lasers allow us to study molecular dynamics on their natural timescale. The
electronic dynamics can be studied using attosecond pulses, while the vibrational and ro-
tational dynamics can be probed using tens of femtosecond and picosecond laser pulses,
respectively. This capability has led to a broad understanding of the electronic dynamics
in atoms and molecules as well as vibrational and rotational dynamics of molecules, which
is one of the important goals in basic science. Moreover, it is possible to control quantum
mechanical processes using ultrafast intense lasers.

In this thesis, we focus on a couple of experiments. The first involves quantum control
of the formation of neutral molecular fragments while the second focuses on three-body
fragmentation of molecules employing the native-frames analysis method, which was recently
introduced by our group [J. Rajput et al., Phys. Rev. Lett. 120, 103001 (2018)].

Experimental studies focused on the formation of excited neutral D fragments from D,
molecules are presented. We show that by manipulating the chirp of the intense laser pulses,
i.e. the “time order” of the frequency components within the pulse, the formation of these
fragments is controlled. To achieve this control we implement a single-prism compressor to
manipulate the chirp of the laser pulses.

Three-body fragmentation of CO, resulting in CT 4+ O1 + O™ is also studied. We show
that if the two bonds break in a two-step process, i.e. a sequential breakup, the pathways
from which the two identical O" fragments originate can be separated using the native-
frames analysis method. In contrast, the two O" fragments cannot be distinguished if the

two C-O bonds break simultaneously.
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Chapter 1

Introduction

The development of intense, ultrafast lasers has influenced science and technology signifi-
cantly. From a scientific point of view, these lasers allow us to study molecular dynamics
on their natural timescales [1-8]. From a technological standpoint, ultrafast lasers are being
widely used in industrial and medical applications [9-11]. Half of the Nobel prize this year
was awarded for chirped pulse amplification (CPA) [12], which is the basis for the operation
of intense, ultrafast lasers.

Interaction of intense laser pulses with atoms and molecules is an interesting and com-
plicated process to study. The oscillating strong electric field of a laser is of the order of
108 V/cm, corresponding to a peak intensity of about 10 W/cm?, which is comparable to
the electric field acting on an electron in atoms or molecules. This means that one can alter
the electric field that electrons are experiencing in matter by using intense lasers, which
in principle can lead to the capability of controlling the outcome of a chemical reaction
[1, 13, 14]. This is the idea behind quantum control of chemical reactions.

Moreover, performing time-resolved studies of the dynamics of molecules is possible using
a short laser pulse due to the fact that the pulse duration of these lasers is shorter than the
natural timescales of the processes to be studied. The electronic dynamics can be probed
using high harmonic generation (HHG) [6], which provides attosecond pulses, while the

vibrational and rotational dynamics can be probed using tens of femtosecond and picosecond



pulses, respectively.

From a theoretical point of view, due to the very strong electric field, low-order pertur-
bation theory does not work in most cases, and high-order perturbation theory is compu-
tationally demanding. Solving the time-dependent Schrédinger equation (TDSE) for these
processes is also challenging. Theoretical physicists working in this field are developing new
approximate methods to solve the problem of the interaction of atoms or molecules with
intense laser pulses.

In this thesis, experimental results focused on the interaction of strong field laser pulses
with molecules are reported. In chapter 2, the chirp of laser pulses is used to control the
formation of excited neutral D fragments from D,. In chapter 3, three-body fragmentation
of COy into CT + OF + O™ ionic fragments is presented. The focus of this study is on how
we can distinguish the pathways in which identical O fragments are formed in sequential

breakup processes.



Chapter 2

Chirp dependence of the formation of
excited neutral D fragments from D»

in intense ultrafast laser pulses

2.1 Introduction

When a molecule interacts with the strong field of a laser, interesting phenomena occur [1, 15—
24]. While this interaction results in ionized atoms or ionic fragments in many cases, it is
possible that the atoms or molecular fragments survive the laser field in an excited Rydberg
state [22, 25-28]. Studying and understanding the processes that result in the formation
of excited neutral atoms or molecular fragments have attracted significant attention in the
past few years [20, 22, 25-30]. One interesting example is the observation of a very large
acceleration (about 10'g, where g is the Earth’s gravitational acceleration) of neutral atomic
fragments in intense short laser pulses [26]. As the authors of Ref. [26] state: “To our
knowledge, this is by far the highest observed acceleration on neutral atoms in external
(laser) fields... .”

When an atom interacts with the strong field of a linearly-polarized laser and an electron

is ejected, it is possible for the electron to recollide with the atom when the direction of the



laser field flips. This rescattering process has been nicely described in Ref. [31] : “During
strong-field multiphoton ionization, a wave packet is formed each time the laser field passes its
maximum value. Within the first laser period after ionization there is a significant probability
that the electron will return to the vicinity of the ion with very high kinetic energy”. Above
threshold ionization (ATI) [15], nonsequential multiple ionization (NSMI) [16], and high
harmonic generation (HHG) [17] are all consequences of this rescattering process.

The formation of excited neutral fragments is widely described using the frustrated tun-
neling ionization (FTI) mechanism [20, 25|, which is based on strong-field tunneling and
rescattering [31] processes. In this case, the rescattering electron is captured by the Coulomb
potential of the atom. This results in the formation of excited neutral atoms. The same
argument can be used to describe the formation of excited neutral fragments from molecules
25, 27].

The FTI mechanism is not the only description of the formaion of excited neutral frag-
ments in strong laser fields. In Ref. [32] for example, the authors argue that a multiphoton
absorption may lead to the formation of these fragments. They mention that based on the-
oretical calculations [32, 33]: “these Rydberg atoms are formed by electrons ionized before
the peak of the laser field and that rescattering does not play any role”. Based on different
possible mechanisms for the formation of excited neutral fragments, it seems that more work
is needed to understand this process.

In this chapter, we report experimental results on the formation of excited neutral D
fragments from D,. The kinetic energy release (KER) of the D* fragments is observed to be
very sensitive to the laser parameters. We implement a single-prism compressor [34], which
is described in Sec 2.2.4, to control the chirp of the laser pulses that interact with the Dy

molecules, and consequently control the formation of D* fragments.

2.2 Experimental technique

In order to perform the measurements presented in this chapter, the James R. Macdonald

Laboratory (JRML) laser system known as PULSAR [35], a single-prism compressor, and



an apparatus to detect the D* fragments [36] were used. In the sections below, we describe

the above mentioned systems.

2.2.1 Laser system

Linearly-polarized pulses from the PULSAR laser system with a pulse duration of 23 fs, full
width half maximum (FWHM) in intensity, repetition rate of 10 kHz, and central wavelength
of 790 nm are used. Second harmonic generation (SHG) of the laser pulses then occurs in a
beta barium borate (BBO) crystal, resulting in pulses with a central wavelength of 395 nm.
The Fourier transform limited (FTL) SHG pulses have a pulse duration of about 39fs,
FWHM in intensity. The linearly-polarized SHG pulses are then focused in vacuum using a
spherical mirror (f=7.5 cm), which results in a peak intensity of about 1 x 10 W /cm?
Before describing how the laser pulses are manipulated, Fourier transform limited (FTL)

and chirped laser pulses are briefly explained in Secs. 2.2.2 and 2.2.3.

2.2.2 FTL laser pulses

One of the characteristics of a short laser pulse is that it spans tens of nanometers in band-
width. For example, if a laser with the central wavelength of 795 nm has about 30-nm
bandwidth, based on the time-energy product, AEAw ~ h, the shortest pulse that can be
delivered by the laser is 21 fs. However, a broad bandwidth does not guarantee a short pulse.
For 800-nm pulses, the dispersion of almost any material, including air or optical elements
along the beam path, results in a longer pulse than what is predicted by the time-energy
product. This phenomenon will be explained later. Some work is usually required to get
the shortest possible pulse from a broadband laser. We usually focus the laser in air using
a thin converging lens and maximize the ionization of air by tweaking the laser (mainly the
compressor of the laser). This is a quick test to obtain the shortest pulse. In general, the

shortest pulse that a laser system can produce is called the FTL pulse.



2.2.3 Chirped laser pulses

We know that the refractive index of materials (v = 5, where v is the speed of light in
glass, ¢ is the speed of light in vacuum, and n is the refractive index) is a function of the
wavelength. In the visible region, the refractive index of most materials is larger for shorter
wavelengths. For example, if red (700 nm) and blue (450 nm) light pass through the same
thickness of glass, the velocity of the blue light is smaller than that of the red light.

The bandwidth of a short laser pulse spans over several tens of nanometers in wavelength.
Let’s assume that we start with a FTL laser pulse. If this pulse propagates through a piece
of glass, the shorter wavelength components are left behind in time. This means that after
propagating through glass, the longer wavelengths come first and then the shorter wavelength
components arrive. This results in a positively chirped laser pulse with positive group delay
dispersion, which also means that the pulse duration is longer than the FTL pulse.

Figure 2.1 shows a positively- and negatively-chirped laser pulse in the time domain.
Note that in these figures, the right side is the leading edge and the left side is the trailing
edge of the pulse. In Fig. 2.1(a) the right part has a longer wavelength (lower frequency)
and the left hand side has a shorter wavelength (higher frequency) which corresponds to a
positively chirped pulse. Figure 2.1(b) on the other hand, represents a negatively chirped
laser pulse.

From a mathematical point of view, for a laser pulse passing through a medium the laser

field can be written as [37]

1

Eout (t) = %

/ B (w)ete @) du, (2.1)

where F;,(w) is the electric field of the pulse before the medium, E,(t) is the electric field
of the pulse after the medium, w is the angular frequency of the laser, L is the thickness
of the material, and ¢(w) is the phase accumulated by the pulse due to propagation in the

medium. ¢(w) can be explicitly given by

p(w) = B(w)L, (2.2)
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Figure 2.1: Positively- and negatively-chirped laser pulses. (a) A positively-chirped laser
pulse. The low frequency components (longer wavelength) are at the leading edge of the
pulse while the high frequency components (shorter wavelength) are at the trailing edge of
the pulse. (b) A negatively-chirped laser pulse. The high frequency components (shorter
wavelength) are at the leading edge of the pulse while the low frequency components (longer
wavelength) are at the trailing edge of the pulse.

where f(w) = 2;—0” is the propagation constant (n is the refractive index and A is the central
wavelength in vacuum). The propagation constant, 3(w), can be written as a Taylor series

around wy (the central angular frequency of the laser pulse) as
1 . 3
ﬁ(w) :ﬁo'i‘ﬁl(w—W())-i‘EBz(w—wO) +§B3(W—WQ) —+ ... (23)

It is easy to see that [y is the absolute phase and is the same in the time and frequency
domain, while ; results in a shift in time. The second order term, the group velocity
dispersion (GVD), f,, on the other hand, results in a time dependent frequency in the time
domain, which means that the laser pulse is linearly chirped. Multiplying the GVD by
the length of the material that the pulse is propagating through results in the group delay
dispersion (GDD) in fs®. The third order term, £33, results in third order dispersion (TOD)
in the time domain. Higher order terms in the Taylor series expansion of 3(w) also alter the

temporal shape of the laser pulse [37, 38].



2.2.4 Manipulating the GDD of laser pulses

As mentioned above, most materials introduce positive chirp to the laser pulses in, and close
to, the visible region. In order to generate FTL or negatively-chirped laser puses in the
visible region, chirped mirrors [39], gratings [40] or prism-based compressors [41] are used.
Each of these methods has its own advantages and disadvantages. Using chirped mirrors
is by far the easiest way to compensate positive chirp, however, chirp mirrors are relatively
expensive, and they introduce high laser power loss. A grating compressor is cheaper, but it
has the same issue of relatively high laser power loss. On the other hand, prism compressors
are cost effective and have low losses if highly reflective mirrors are used for the desired
wavelength range. The disadvantage of prism compressors is that one cannot compensate
higher-order dispersion using such an apparatus.

In this study, a single-prism compressor [34] is implemented to manipulate the GDD of
the laser pulses. The design of the single-prism compressor, which is very similar to the
one presented in Ref [34], is shown schematically in Fig. 2.2. After the pulses propagate
through the prism the first time, they are reflected off a corner cube. A corner cube is
composed of three mirrors that change the height of the beam and flip the spatial order
of the colors. Moreover, the input and output beams propagate parallel to each other in
opposite directions. After the corner cube, the laser light passes through the prism for the
second time.

A roof mirror is then used to change the height of the laser beam before going through
the prism for the third time. Also, before the fourth path through the prism, the corner cube
flips the order of the colors one more time (see Fig.2.2). One can think of a single-prism
compressor as a four-prism compressor which has been folded twice. The biggest advantage
of this configuration is that the alignment process is much faster.

The efficiency of the single-prism compressor implemented here is about 50%, mainly
due to the low reflectivity of the corner cube used in the setup. Using a corner cube with
higher reflectivity can increase the overall efficiency significantly (to an estimated value of

about 90%). Although the efficiency of the implemented prism compressor is rather low, it
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Figure 2.2: Schematic diagram of the single-prism compressor, adapted from Ref. [34], where
M1 and M2 are UV enhanced flat mirrors. The corner cube flips the color order spatially
and changes the height of the beam. The roof mirror only changes the height of the beam.
The equilateral prism (50x50x50 mm?) used in our setup is made of UV fused silica.

is more cost effective than using chirped mirrors for our purpose and also makes it easier to
introduce the desired GDD.

The GDD of the pulses can be manipulated by changing the distance between the corner
cube and prism, which is labeled d in Fig. 2.2. In our measurements, we control the GDD
of the laser pulses from -1300 fs? to 2000 fs?, i.e. from 110 fs negatively chirped to 150 fs
positively chirped laser pulses, respectively (see Fig. 2.3). Also, it is possible to tweak the
central wavelength of the pulses by rotating the prism [34]. To characterize the laser pulses,
a home built self-diffraction frequency resolved optical gating (SD- FROG) [42] setup is used.
The pulse characteristics are found by retrieving the phase information and calculating the
GDD from the SD-FROG data. These characterized pulses are sent to the chamber where

they interact with Dy molecules introduced as an effusive jet.
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Figure 2.3: The GDD evaluated from the retrieved phase of the SD-FROG traces as a
function of the distance between the cornercube and prism, d. The blue dashed line is the
theoretical calculation [43].

2.2.5 Detection of excited neutral fragments

The apparatus used for measuring the time-of-flight of the neutral fragments, which was orig-
inally designed for other purposes [36], is shown in Fig. 2.4. It consists of two microchannel
plate (MCP) detectors [45], but only one of the detectors is used in this study. Two high
transmission meshes are located in front of each MCP detector. Mesh 1 is grounded, and a
positive voltage is applied to mesh 2 in order to repel positive ions. A negative voltage is
applied to the front plate of the MCP in order to repel the electrons.

The time-of-flight (TOF) of the D* fragments is measured relative to a start signal
produced by reflecting a small fraction of the laser onto a photodiode. The KER reported
here is lower than the actual KER of the fragmentation process as we are not measuring
the transverse energy that fragments gain with respect to the TOF axis, i.e. z axis. For

calculating KER we find the velocity of the fragments in the z direction, v,

_Z—Zo

Vs = TOF"
10
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Figure 2.4: Schematic diagram of the apparatus used to detect neutral D fragments adapted
from Ref. [44]. The acceptance angle, 20, is about 15°, which is calculated based on the
geometry of the setup (see text).

where [ is the distance between the origin of the z-axis and the detector, and zj is the position
of the laser focus with respect to the origin. So, [ — 2, is the distance between the laser focus

and the detector. The KER is then calculated using:
L
KER =2 x 5™MY) (2.5)

where m is the mass of the fragments (D* in this case). Note that the KER is twice the
kinetic energy of one of the fragments. To estimate the transverse kinetic energy, we notice

that

D U
tanf = = = 2.6
a l—z v, (2:6)

where 26 is the cone angle shown in Fig. 2.4, rp is the radius of the MCP detector, and vy
is the transverse velocity of the fragments. Based on the geometrical design of our setup, we
estimate this transverse energy to be up to 5% of the measured KER.

For the excited neutral fragments to be detected, their internal energy should be higher

than the work function of the MCP, which is about 5 eV [45]. This internal energy is
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then transferred to the detector through different possible mechanisms [44], liberating an
electron(s) from the MCP which starts an electron avalanche [45]. In the case of the formation
of D* fragments, any excited D with n > 2 can be detected, since the internal energy is

> 10.2eV, which is greater than the work function of an MCP.

2.3 Results and discussion

2.3.1 Results

In Fig. 2.5, which shows the KER of D* fragments generated in the interaction of D,
molecules and 395 nm FTL laser pulses, two distinct peaks are present. The high KER
peak is associated with the Dy— D*+D* breakup according to Ref. [25]. The authors of
this paper report a correlation between the kinetic energy distribution of H* and H* frag-
ments which suggests that these fragments originate from the same molecule, i.e. HT+H*
breakup. Furthermore, a Coulomb explosion followed by recombination of one of the rescat-
tering electrons was suggested as the underlying mechanism [25]. The low KER peak is
attributed to the Do— D*+D fragmentation process [22, 25].

In order to study the dependence of D* formation on the chirp of the laser pulses, we first
conduct the measurements with positively chirped laser pulses. Figure 2.6 shows the KER
of D* fragments for a few positively chirped laser pulses. In all of the KER distributions
showed from now on, the KER values are scaled to match the high-KER peak (peak 3).

One can see that by increasing the GDD of the laser pulses, the structure of the KER
distribution of the fragments resulting from Dy— D+D* process is changing. In Fig. 2.6, we
call the peak centered around 1 eV “peak 1”7. By increasing the positive chirp of the pulses,
peak 1 is suppressed. Moreover, a peak centered around 2 eV, denoted “peak 2”7, starts
appearing at higher values of positive chirp. This suggests a control of the branching ratio
of peaks 1 and 2 by adding positive GDD to the laser pulses. However, it is not possible to
separate the effect of the pulse duration from that of the chirp just by chirping the pulses in

one direction. Additionally, because the measurements are conducted at constant fluence of
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Figure 2.5: The KER associated with D* fragments produced by 39 fs (FTL) laser pulses
with a central wavelength of about 395 nm. The peaks with high and low KER are associated
with the Do— DT+D* and Dy— D*+D fragmentation processes, respectively (see text and
Refs. [22, 25]).

the laser, one cannot separate the effect of the chirp from that of the peak intensity of the
pulses by chirping the pulses in one direction.

In order to disentangle the chirp dependence from pulse duration and peak intensity that
might play a role in the observed phenomenon, we perform additional measurements as a
function of the added positive or negative GDD to the laser pulses by employing the single-
prism compressor described earlier. In Fig. 2.7 (a) and (b), peak 1 is shown for chirped
pulses with £700 fs? and about £1400 fs> GDD, respectively. It is evident from Fig. 2.7
that peak 1 is suppressed more by positively-chirped pulses compared to negatively-chirped
laser pulses. This shows that there is a chirp dependence of fragmentation events recorded
in peak 1, i.e. D+D* with KER ~ 1 eV.

To better quantify this chirp dependence, we define the branching ratio, BR, of peak 2

as M(2)

P My

(2.7)

where M (1) and M (2) are the measured number of events in peak 1 and peak 2, respectively.

In order to find the BR at different GDD values, a peak fitting method is used, as shown
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Figure 2.6: The KER associated with D* fragment production by laser pulses having positive
chirp. By increasing the GDD, peak 1 is suppressed while peak 2 is enhanced. Note that the
KER distributions for different GDD values are scaled to match the high-KER peak (peak
3).

in Fig. 2.8. First, we subtract the low-KER tail of peak 3 to better evaluate peak 1 and
peak 2. To do so, a Gaussian function is fitted to the low energy tail of peak 3, over a range
marked in Fig. 2.8.(a) by the two blue dashed vertical lines. Then this Gaussian function
is subtracted from the low-KER region resulting in Fig. 2.8.(b). After the subtraction, two
Gaussian functions are fitted to the low-KER peaks yielding the number of events in peak
1 and peak 2. This procedure is repeated for each GDD value, and the results are used to
calculate the BR shown in Fig. 2.9.

Figure 2.9 shows the BR as a function of GDD of the laser pulses. Due to the complexity
of finding the error of GDD retrieved from the FROG algorithm, the error in GDD is found
by running the retrieval algorithm multiple times and the standard deviation is used as an
error estimate.

If the BR depends on the chirp of the laser pulses, a difference in BR between positively-
and negatively-chirped laser pulses by the same amount is expected. As can be seen from
Fig 2.9, there is a significant difference in the branching ratio between positive and negative

GDD laser pulses in comparison to the experimental errors at each GDD. This confirms that
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Figure 2.7: The KER associated with D* fragments produced by (a) £ 700 fs? and (b)
+ 1400 fs? chirped pulses.
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Figure 2.8: Peak fitting procedure to find the branching ratios (see text). (a) fitting a
Gaussian to subtract from the low KER region. (b) result of the peak fitting after subtraction.

we are observing a chirp dependence and not just a pulse duration or intensity dependence.

2.3.2 A qualitative description of the experimental observation

As mentioned in Sec. 2.1, the formation of excited neutral fragments is widely described using
the frustrated tunneling ionization (FTT) model. In this model, the tunnel-ionized electron is
captured by the Coulomb potential of the atom (or molecule) which results in the formation
of excited neutral atoms (or molecular fragments) [20, 25]. There are two reasons supporting
the FTT model’s description of the formation of excited neutral atoms or fragments. One

reason is the similarity of the KER distribution of H* and H* generated from Hj [25]. The
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Figure 2.9: The BR defined in Eq. 2.7 as a function of the GDD. Note that the behavior of
the BR is significantly different for laser pulses with positive and negative GDD.

other reason is the strong dependence of the yield of excited neutral atoms [20] or fragments
[22, 25] on the laser polarization. Specifically, changing the laser polarization from linear to
circular significantly suppresses the yield of the excited neutral atoms or fragments. This
suggests that rescattering, which also has a similar strong polarization dependence, may be
a reason for the formation of these fragments in Rydberg states. As discussed earlier, F'TT is
not the only model that can be used to describe the formation of excited neutral fragments.

In order to describe the chirp dependence reported here theoretical calculations, based
on the FTI model or other mechanisms, are required. In such calculations, the chirp of the
laser pulses should be included; however, it is not clear to us how the chirp of the pulses can
affect the outcome within the F'TT model.

Regardless of the model used, we look at the potential energy curves (PECs) of Hy [46],
shown in Fig. 2.10, which are similar to the ones for Dy, to identify the likely pathways for
D*+D* formation. In identifying the pathways, we should keep in mind that the ground
state of Hy is the singlet 12; state, and the final state should also be singlet as the laser
does not change the spin. Formation of fragments with a KER of about 1 eV (peak 1) is
most likely associated with a five-photon absorption. The Dy molecule absorbs five 390 nm

photons, schematically shown by the five blue dashed arrows in Fig. 2.10, populating states
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Figure 2.10: Some PECs of Hy adapted from Ref. [46]. Two possible pathways for the
formation of D* fragments are indicated by the five and six blue arrows depicting five- and
six- photon absorption (see text). The horizontal red and black lines show the D(21)+D(1s)
and D(31)+D(1s) dissociation limits, respectively.

like B 'S, B’ '¥F, and B” B 'S or others. Then, the Dy molecule undergoes dissociation
through one of the nQ; states into D(2/)4+D(1s), which results in a KER of ~1 eV. Note
that parity selection rules are obeyed, as the transition occurs by absorbing an odd number
of photons, and the states involved have opposite parity to the Hy ground state.

The formation of D* fragments with a KER peak of about 2 eV occurs by absorbing six
photons and dissociating into the D(n=3)+D(1s) limit, shown in Fig. 2.10. Selection rules

require that the states involved have the same parity as the Hy ground state when an even
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number of photons are absorbed. As a result, the B states shown in Fig. 2.10 cannot be
populated by absorbing six photons. There are a few states that can be populated in this
process, for example E,F 12;, H 12;, and O 12; [47], none of which are shown in Fig. 2.10

From the discussion above, it is clear that there are a few states that can be populated
by five- or six-photon transitions and dissociate into D(21)+D(1s) or D(n=3)+D(1s), re-
spectively . We thus expect interference between different pathways to be the reason for the
observed chirp dependence that modulates peak 1 and peak 2. However, it is not clear how
the chirp of the pulses affects the interference between different pathways. The description
presented here is qualitative, and theoretical calculations are required to better understand

the D* formation and its chirp dependence.

2.4 Summary

The formation of excited neutral D (i.e. D*) fragments from Dy molecules interacting with
the strong field of a laser at the 395 nm central wavelength exhibits strong chirp dependence.
The experimental results indicate that the low KER distribution is very sensitive in this case

to the chirp of the laser pulses, especially for positive chirp.
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Chapter 3

Native frames: Imaging three-body
breakup involving two identical

fragments

3.1 Introduction

Understanding the fragmentation process of polyatomic molecules is challenging from two
different aspects. First, conducting experiments on such molecules is complicated if three
or more fragments are to be detected in coincidence with each other. The development of
imaging techniques has made it possible to study three- or four-body fragmentation processes
experimentally [48, 49]. The other challenge is how to analyze and visualize the multidimen-
sional data to understand the dynamics of the fragmentation process. Developing analysis
methods that facilitate the understanding of fragmentation of polyatomic molecules has
been an ongoing effort, for example see Refs. [50-56]. Specifically, one important question is
whether we can separate the concerted fragmentation processes from the sequential breakup.
In a concerted breakup, both bonds of an ABC molecule break at the same time. On the
other hand, in sequential breakup one of the bonds breaks first, for example the A-B, bond.

The intermediate BC molecule breaks in the second step after a time 7. Two well-known
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Figure 3.1: (a) Newton diagram: the momentum of the three fragments is calculated and
normalized to one of the calculated momenta (here normalized to the momentum of one of
the OF fragments). (b) Dalitz plot: shows the energy sharing between the three fragments.
E is the total energy of the fragments

analysis methods used to identify concerted and sequential fragmentation events are Newton
diagrams [51, 53, 55] and Dalitz plots [51, 53-55]. In Fig. 3.1(a) and (b) we show the Newton
diagram and Dalitz plot of three-body fragmentation of CO, into CT+OT+O™, respectively.
The ring like structure in Fig. 3.1.(a) has been used to identify sequential events associ-
ated with intermediate CO?* that rotates for a long time compared to its rotational period.
These sequential events, separated from concerted ones, are within the two black “boxes” in
Fig 3.1.(b). While these powerful methods can help identify concerted and sequential events,
neither of them allow for complete separation of concerted and sequential fragmentation pro-
cesses [57]. Moreover, generalizing these methods to fragmentation processes involving more
than three fragments is not trivial. We recently developed the native frames method, which
allows us to separate concerted from sequential fragmentation processes [57, 58].

In this chapter, the native frames method is used to study strong-field fragmentation
of COy into CT+OT+O™ following triple ionization as an example of three-body breakup
involving two identical fragments. This process can happen through concerted- or sequential-
breakup mechanisms. In concerted breakup, the two O fragments play indistinguishable
roles. In sequential breakup, however, one of the O fragments originates from the first

fragmentation step of the transient CO,**, and the other one originates from unimolecular
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dissociation of the intermediate CO?* in the second step. Therefore, in sequential breakup

the paths taken by the two OT fragments can be distinguished.

3.2 Experimental technique

Three-body fragmentation of CO3" into C*+O%+O7 is measured using the cold target
recoil ion momentum spectroscopy (COLTRIMS) technique [59-61]. Figure 3.2 shows a
schematic of the COLTRIMS apparatus. Only ions are detected in the current experiment.
The position and time-of-flight (TOF) of the ionic fragments are measured in coincidence,
which allows us to retrieve the complete three-dimensional momentum of all of them.

We also measure the two-body breakup of CO3* into CO?**+O7. This channel corre-
sponds to the case when only the first step of the sequential breakup of CO3" happens, which
means that the intermediate CO?* dication arrives intact to the detector [57].

In our coincident measurement of the CT+O%+O™" channel, one of the O fragments is
detected as a second hit and the other as a third hit on the detector. This detection time
order does not provide us with any information related to the three-body fragmentation
analysis. For this reason, we randomize the detection time order, i.e. (z,y,t) of the OF
fragments.

Linearly-polarized laser pulses are focused on a CO, supersonic jet using a spherical
mirror (f=75 mm) to initiate the fragmentation process by triply ionizing the CO5 molecules.
The JRML PULSAR laser system [35] with a central wavelength of 790 nm and repetition
rate of 10 kHz is used in our experiment. The typical pulse duration of the PULSAR laser,
FWHM in intensity, is 23 fs, which is measured using the second harmonic frequency resolved
optical gating (SHG FROG) technique [63].

The peak intensity is determined to be about 6.7x10* W /cm?, using the kink in the
momentum distribution of Ne™t recoil ions along the laser polarization axis, p,. This kink
in p, is related to 2U, (U, is the ponderomotive energy), from which the peak intensity is

evaluated [64].

21



23 fs Supersonic

800 nm w jet Spherical
~6.7 x 10 — mirror
cm
| @
T
Ton

detector

vy

Figure 3.2: Schematic diagram of a COLTRIMS setup. Adapted from Ref. [62].

3.3 Native-frames analysis method

Recall that three-body sequential breakup happens in two steps. As an example, let’s assume
that in the first fragmentation step of an arbitrary ABs molecule, it breaks into AB?T 4B+
fragments. The second fragmentation step, i.e. AB?>*—A*+B7, is assumed to happen after
the AB?* intermediate molecule rotates for a long time (before it dissociates) compared to its
rotational period. As mentioned before, the fragmentation process is detected as a sequential
breakup if this assumption is valid. The data is analyzed in the center of mass frame of the
first and second steps that are the two native frames of the fragmentation process.

We use Jacobi coordinates [65] and relative momenta, shown in Fig 3.3 for an arbitrary
AB; molecule, to reduce dimensionality of the three body problem [65]. The coordinate
choice in this figure assumes sequential breakup with a AB(1) intermediate molecule. The
two identical fragments are “labeled” B(;) and B(sy. This “labeling” will be discussed later
on. Either B(;) or B() may originate from the second fragmentation step. We only present
the case in which B;) originates from the second step to introduce the method as the other

case follows a similar procedure. The fragments’ momenta Ph, PB( and PB<2) are evaluated

1)?
in the CO3" frame.

Then, following Ref. [58], we write the relative momentum of A with respect to By,
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Figure 3.3: Jacobi coordinates and how they are used to analyze the data in the native-
frames method. (a) Schematic of Jacobi coordinates. (b) Relative momenta and 0aB),B
defined using the Jacobi coordinates in (a) (see text). Adapted from Ref. [58].

ﬁAB(l), and the relative momentum of B(y) with respect to the center of mass of the ABy

intermediate dication, pap, 5y, as

— maB = mpa — —
PABu)Be) = 37 P, — M <PA + PB<1)) , (3.1)
_ ﬁB ﬁA
PABq) = HAB ( m;: T a ) (3.2)
where, map=my+mp, M=ma+2 mg, and #ALB = mLA + mLB The angle between pag,,, 5y,

and ﬁAB(l) is defined as

(3.3)

ﬁAB(1)7B(2) ﬁAB(D
|ﬁAB(1)7B(2) | |ﬁAB(1) |

QAB(U,B@) = arccos (

If the intermediate dication rotates for a long time compared to its rotational period
before dissociating, the 9AB(1),B(2) distribution, N(@ABU),B@)), is expected to form a uniform

distribution [57, 58]. Note that 0AB<1>,B is used to analyze the data in the native frames

2)
because this three-body fragmentation processes is assumed to happen in the fragmentation
plane [57, 58]. To support this assumption and determine how much angular momentum is
gained by the intermediate dication, we simulate the first step of the three-body fragmen-

tation of CO3™, i.e. the breakup into O*+CO?*, classically. This simulation is explained

below.
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3.3.1 Classical Coulomb explosion simulation

As stated above, one of the assumptions of the native-frames analysis method is that the
intermediate AB(;) molecule, produced in the first step of sequential fragmentation, rotates
in the fragmentation plane resulting in a uniform angular distribution N (HABWB(Q)) of the
unimolecular dissociation. If the intermediate AB(;) fragment gains large amounts of angular
momentum perpendicular to the fragmentation plane, then we can argue that the rotation
is in the fragmentation plane. To estimate how much angular momentum is gained by the
intermediate dication, we perform a classical Coulomb-explosion simulation of the sequential
breakup of CO3*.

Figure. 3.4 shows a schematic diagram of the initial conditions used in the simulation.
We use the C-O equilibrium distance of the neutral CO, molecule from the NIST database,
Rco =1.162 A. On the other hand, the bond angle &;, which is 180 degrees for the equilibrium
geometry of CO, is used as a parameter. For the equilibrium configuration, the O* fragment
does not apply any torque on the CO** fragment, and the CO?** does not gain angular
momentum perpendicular to the fragmentation plane. If the CO, molecule is bent, however,

the CO%** experiences a torque.

Qo R

Figure 3.4: Schematic diagram of a bent CO3*.

In order to compute the amount of angular momentum gained, we model the CO?*
as a rigid rotor with two point charges, qc and qo, separated by Rco. To evaluate the

charges gqc and qo, we use the permanent dipole of the CO?*" ground electronic state at
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Roo=1.162 A calculated to be D~ 3Debye [66]. For the origin defined at the CM of the

CO?** molecule, we approximate the dipole as

D = Reo(3g + 3) (3.4)

where qc = 1+ 0g and go = 1 — dg. This results in charges of ¢¢ ~ 1.4 and go ~ 0.6 a.u.
Note that in calculating D, we find a term Rco(mo — mc)/(mo + mc) which is equal to
Rco /7, where m¢ and mg are the masses of the carbon and oxygen, respectively.

Due to the mutual Coulomb repulsion and conservation of linear momentum, the O* and
CO?** undergo back-to-back breakup, and the CO?* gains angular momentum resulting in
its rotation in the molecular plane. These translation and rotation motions are described by
a set of coupled differential equations that we propagate in time (in steps of 1a.u.) using
the “ode45” function in MATLAB. We assume that the motion starts from rest at t = 0
and at the internuclear distances of the equilibrium values of the neutral molecule. The
propagation of the equations of motion is terminated after 3 x 10* a.u. (or about 725 fs) when
the distance between the two fragments exceeds 350 a.u., at which time the CO?* velocity
and angular momentum converge (at better than 0.1%). The calculated angular momentum
of the intermediate CO?*" as a function of initial bond angle &; is shown in Fig. 3.5(a). It
can be seen that the final angular momentum increases rapidly with bending of the COa,
resulting in a few tens of A for bending angles that are 3 degrees off equilibrium and above.
Moreover, the time evolution shown in Fig. 3.5(b) indicates that this angular momentum
is gained in a couple hundred femtoseconds. This is an indication that the rotation of the
intermediate dication occurs in the fragmentation plane verifying the assumption needed for

a uniform N(0co.,0).

25



M7 P L AL A N

 (a) 1 [(b) _165
100¢ jeof S
—~ 90F 3 [ ]
) : ] i ]
& 80 F ] 30 . £=170 ;
70 b E I ]
£ : 140F £=173 ]
T 60F 1 1 il ]
o | 1
g S0 F 130 _ ]
£ 40F E I $F176
S 30f J20f :
R 171 £=178
2 20f 1.1 ’ -
< ; 110} £=179
10 | 1
C | ]

P E P I & R o I A T T R

90 120 150 180 O 200 400 600
&; (degrees) t(fs)

Figure 3.5: (a) Calculated final angular momentum of the intermediate CO** fragment as a

function of the initial bond angle &;. (b) The time evolution of the total angular momentum
for a few values of &;.

3.4 Results and discussion

3.4.1 Distinguishing the pathways of O" fragments in sequential
breakup

An interesting question in three-body breakup involving identical fragments is whether the
pathways that these identical fragments go through can be distinguished from each other.
For the case of COs (O=C=0), as an example of a symmetric molecule, it is impossible to
distinguish the two identical Ot fragments in concerted breakup. In contrast, for sequen-
tial breakup, CO3"—CO?* 40t —=C+4+0%4+0%, the pathways which the OF fragments go
through may be distinguished as they originate from different steps.

It is equally likely that either oxygen fragment originates from the first or second frag-
mentation step. For analyzing the data, we label the two detected O" fragments as Ozrl)

and OE) as shown schematically in Fig. 3.6. Recall that the detection time order of the two
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Figure 3.6: Labeling the two O" fragments. (a) In this figure, the CO() intermediate
dication is defined if the “green” O originates from the second fragmentation step. The COy)
intermediate dication is defined if the “red” O originates from the second fragmentation step.
Note that color-coding the oxygens is arbitrary. (b) Relative momenta assuming CO(;) and
CO(2) as intermediate dications.

oxygen fragments has been randomized, so this labeling is arbitrary. One can analyze the
data assuming OELl) originates from the second step, which means that CO?;S is the interme-
diate dication. In this case, sequential events are analyzed correctly 50% of the time. In the
other 50% of the sequential events, OZLZ) originates from the second step, and CO?;S is the
intermediate dication. For this reason, we analyze the data both ways as shown in Fig. 3.7.
As stated before, N(0co,0) is expected to form a uniform distribution. This uniform dis-
tribution is expected only for the events in which the oxygen fragments are assigned in the
correct breakup order. Such a distribution can be seen in Fig. 3.7 within the red boxes.

Let’s take a closer look at Fig. 3.7. Although we label the two oxygen fragments as
Ozrl) and Oa) for analysis purposes, there is only one intermediate dication which is CO**.
As a result, we expect the KERCO(Q;S_QCOf;; and KERCO(Q;;—HCO(Q; spectra to look identical
within the statistical errors. Quantitatively about 4051 events are inside the red “box” in
Fig. 3.7(a), and 4002 events are inside the red box in Fig. 3.7(b). This means that within the
statistical error bars, 50% of the sequential events are inside each red box. The number of
events in each red box slightly changes within the uncertainty each time we run the analysis
code because we randomize the detection time order of the two O" fragments.

We now focus on the data within the red boxes. Recall that in Fig. 3.7 (a) and (b),
it is assumed that CO?;; and CO?QJS are the intermediate dications, respectively. As men-

tioned before, red boxes show the sequential events in which the O fragments are assigned

correctly. This means that for the data in the red box in Fig. 3.7 (a), OE) is generated in
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Figure 3.7: (a) Experimental data in native frames assuming Oa) is from the second frag-
mentation step. (b) ecoffg,oa ) for 4.5< KERCO?1+)< 12 eV to exclude the tail shown with red

arrows. (c¢) Same spectrum as (a) assuming O(g) is from the second fragmentation step. (d)

900?570?1) for 4.5< KERCO?$< 12 eV. Note that (a) and (c) look almost identical as Oa) or

Ozg) can originate from the first or second step. The data in the red boxes are sequential
events in which the O fragments are assigned correctly.

the first fragmentation step and Oa) in the second. Similarly, for the data in the red box
in Fig. 3.7 (b), OEE) originates from the first fragmentation step and 02;) from the second.
So, the O fragments in sequential breakup are distinguished in the sense that they can be
associated with the fragmentation step they are formed in. As can be seen in Fig. 3.7, part
of the sequential events overlap the dominant feature which is associated with the concerted

breakup. In the overlap region, we cannot say whether an event originates from concerted
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Figure 3.8: Sequential events for (a) Ole) and (b) OE) originating from the second step. In

(a) and (b), data outside the red boxes are generated using the reconstruction algorithm.
(c) and (d) are the same as (a) and(b) except with the wrong order of the O fragments
assigned (see text).

or sequential breakup processes. We use an algorithm [58] that reconstructs breakup events
equivalent to those “lost” in the overlap region and rebuild the uniform distribution over the
whole range of 0co 0, as shown in Figs. 3.8 (a) and (b). This algorithm takes advantage of
the expected uniform distribution of N (o o) for sequential fragmentation processes.

The result of analyzing the reconstructed sequential events with assigning the wrong
order to the O fragments is shown in Figs. 3.8 (¢) and (d). For example, in Fig. 3.8 (c)
O(+2) originates from the second fragmentation step but in analysis we assume it is formed in
the first fragmentation step. These figures show that the tails of the spectrum in Fig. 3.7,
indicated by the red arrows, are due to sequential breakup events in which the O" fragments
are associated with the incorrect fragmentation step.

We demonstrated above that we can assign the O" fragments correctly to their breakup

step. Moreover, by using the correct and incorrect assignments of sequential breakup, shown
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in Figs. 3.8 (a) and (c), we can separate the concerted spectra by simple subtraction of the
sequential spectra from the same spectra containing all events. For example, we subtract

Figs. 3.8 (a) and (b) from Fig. 3.7 [58].

3.4.2 KER(co in the second step

To understand the sequential fragmentation process in more detail, we identify possible states
of the intermediate CO?*" that play a role in the sequential breakup process. In Ref. [57],
KERco in sequential breakup of the OCS molecule, OCS** — CO?** +8" — OT4+CT 4+ ST,
is discussed in detail. Figure. 3.9 shows a comparison between KERg2+ of OCS and COs.
This figure suggests that in sequential three-body breakup of CO, and in sequential breakup

of OCS with CO?** intermediate, the same states of CO?* are populated.
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Figure 3.9: Adapted from Ref. [58]. The KER¢o distribution of the second fragmentation
step of COy and OCS molecules via a CO3" intermediate dication. Note that the two
spectra are very similar. The thick tick marks for different states of CO?* are based on
high-precision measurements and measured photoionization energies [67, 68]. The thin tick
marks are calculated [57] using the phase-amplitude method [69].

Note that we can only detect events as sequential if the intermediate molecules have
appropriate lifetimes. [57, 70]. In other words, the intermediate molecule should have enough
time to rotate so that we observe a uniform N(fco o) distribution. On the other hand, the
lifetime of the intermediate molecule can be a maximum of a few nanoseconds. This is due

to the limited time window imposed by our imaging technique [70]. Similar to the sequential
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channel involving a CO?*" intermediate in OCS, the XTI (¥=2,5,8,9,J=1) and b'II (v=3-6)
states of CO?T match the peak of KERco. The other states shown in Fig. 3.9 do not play

a role in sequential breakup because they do not have appropriate lifetimes.

3.5 Summary

Strong-field fragmentation of CO5 into CT+O1+0O™ following triple ionization is studied
as an example of three-body breakup involving two identical fragments. We use the native
frames method to separate the concerted fragmentation events from the sequential breakup
events. It is shown that it is possible to distinguish the step in which each detected O™

fragment is formed in the sequential breakup process.
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Chapter 4

Summary

In summary, we studied two examples of interactions between the strong field of a laser and
molecules. The focus of the first study was on controlling the formation of excited neutral D
fragments from Dy molecules. We implemented a single-prism compressor to manipulate the
phase of the laser pulses and controlled the dissociation of Dy molecules. A chirp dependence
in the formation of the D* fragments was observed.

Three-body fragmentation of CO, into CT4+O1+0O", which involves two identical O
fragments, was studied. The native-frames analysis method was used to separate the con-
certed fragmentation events from the sequential breakup events. We demonstrated how to
identify the pathways traversed by the two O fragments in a sequential breakup of CO3".

In addition to the projects discussed in this thesis, I was also involved in other projects led
by my colleagues at JRML, as well as a few studies in collaboration with the group of Marcos
Dantus at the Michigan State University (MSU) Department of Chemistry. For example,
our group has been studying isomerization of CoHS molecular-ion beams in acetylene and
vinylidene configurations. In collaboration with the MSU group, we studied mechanisms
for the formation of Hj from alcohol molecules in strong laser fields, and in particular we

discussed the role of Hy roaming in this process [24, 71].
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