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Abstract

This report includes the experimental details and results of two experiments. The first
experiment addresses carrier envelope phase (CEP) effects in higher order harmonic generation
(HHG), and the second experiment is a pump-probe experiment on CO, molecules using
ultrashort laser pulses.

Ultrashort laser pulses that are only a few optical cycles long are of interest for studying
different atomic and molecular processes. The CEP of such a pulse is an important parameter
that can affect the experimental results. Because the laser pulses we used in the HHG
experiment have random CEP, we tagged a given harmonic spectrum with the CEP of the
fundamental laser pulse that generated it by measuring both shot-by-shot. The first chapter of
this report is about the experimental details and the results we got from our CEP-tagged HHG
experiment that enabled us to observe the interference of different quantum pathways.

In the second experiment, discussed in the second chapter of this report, we tried to study
the structure of the CO," ion created by strong field ionization in a pump-probe experiment. For
this experiment, we used an ultrashort laser pulse to ionize CO, molecules, and after various time
delays we probed the ionic wave packet by ionizing CO," with another ultrashort laser pulse. By
performing Fourier analysis on the delay-dependent CO,"" yield, we were able to identify the

populated states of CO,".
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Chapter 1 - Phase-tagged Harmonic Generation

1.1 Introduction

For the ultrashort laser pulses that are two or three optical cycles long, the Carrier
Envelope Phase (CEP) is an important parameter that can affect experimental results [1]. Higher-
order Harmonic Generation (HHG) can be considered as burst of attosecond pulses in each half-
cycle of the driving laser pulse and what we detect is the interference of these attosecond pulses.
Moreover, the characteristics of these attosecond pulses depend on the electric field of the half-
cycle that they are generated in. For the driving laser pulses that contain several optical cycles,
for different CEP’s the temporal profile of the electric field does not change substantially. On the
other hand, for the laser pulses that are two or three optical cycles long, CEP is an important
parameter that affects the temporal profile of the electric field, which in turn can affect the
characteristics of different half-cycle emissions in the HHG experiments. By obtaining HHG
spectra for different CEP’s, it is possible to study the individual attosecond pulses [2], which is
important because it contains information about the dynamics of atoms and molecules in the
attosecond timescale. Moreover, the CEP of the driving laser pulse in HHG can be used as a
control knob. In some studies, the spatially-filtered half-cycle cut off in harmonic spectra has

been used to generate isolated attosecond pulses or to characterize the ultrashort pulses [3, 4, 5].

1.2 Background

1.2.1 High-order Harmonic Generation

The advent of pulsed lasers with high intensity has enabled researchers to explore some

atomic and molecular processes that they were not able to study before. If the laser intensity is



higher than 10* % , the interaction of the laser with atoms and molecules is comparable with

the Coulomb field and is, therefore, not perturbative. High-order harmonic generation (HHG) [6,
7, 8] is a highly nonlinear process that is an outcome of the interaction of intense laser pulses
with a medium. In a typical high-order harmonic generation experiment, an intense laser pulse
with frequency w interacts with a gaseous medium and produces photons of higher energy with
frequencies(2n + 1)w. A semiclassical model to explain HHG proposes that this process
happens in three steps [6]. First the electric field of a low frequency laser pulse distorts the
Coulomb potential, forming a potential barrier through which electrons can tunnel. The

parameter that determines the tunneling regime is known as the Keldysh parameter y

v= |5 (1.1

where I, is the ionization potential and U,, is the ponderomotive energy.

e’E,*

U, = ——
4Mm, w2

p

(1.2)

If y <« 1 the atomic system is tunnel ionized. For y > 1 ionization is in the
multiphoton regime. After tunnel ionization, the second step in the semiclassical model is
propagation, where the electron is considered to be no longer interacting with the Coulomb field
of the parent ion. When the electric field changes direction, the electron is driven back to the

parent ion by the laser electric field. The returning electron is then recombined with the parent



ion and photon that has energy equal to the ionization potential plus the Kkinetic energy of the
recombining electron is generated. The maximum energy that an electron can acquire through
propagation in the laser electric field is 3.17U,,. So the maximum energy of generated photons is

1,+3.17U, which defines the classical cutoff energy for the emitted harmonic photons.

1.2.2 Carrier Envelope Phase

The temporal profile of an ultrashort Gaussian laser pulse can be written as

t2

E(t) = Eye 7% cos(wt + @) (1.3)

where ¢ is the called carrier-envelope phase (CEP) of the laser pulse. In our experiment, the goal
was to study the effect of CEP on harmonic spectrum. In order to understand the results of our
experiment, the general theory proposed in ref. [9] is adopted. Starting from the time- dependent
Schrodinger equation, it was shown in ref. [9] that the CEP dependent wave function can be

obtained as

oo

W(g;t) = z einPpinety (0. 1) (1.4)

n=—oo
where ¢,,(0; t) is obtained from solving Schroédinger equation for ¢ = 0. Moreover, ¢,,(0; t)’s
can be interpreted as the amplitude of the n-photon channels. If two or more ¢,(0;t) in the
expansion of the wave function are non-zero, we should observe interference between them,

which leads to different Fourier components in the measured observable.



1.3 Experimental Setup
1.3.1 Laser System
The laser system used for phase-tagged harmonic generation is the PULSAR laser located
in the JRM Lab. PULSAR is a femtosecond laser that includes an oscillator, which produces
pulses with a repetition rate of 75 MHz and pulse energy of 4 nJ. The central frequency of these
pulses is 780 nm, and the pulse duration is 14 fs. The output of the oscillator is sent to a stretcher
and two-stage amplifier to get amplified pulses by the chirped pulse amplification process
(CPA). After amplification, the laser pulses go through a compressor, outputting 2 mJ pulses at

10 kHz repetition rate with pulse duration of 21 fs at a central wavelength of 790 nm [10].

1.3.2 PULSAR Hollow-core Fiber

For our experiment, we used 0.9 mJ output of the PULSAR as the input to a hollow-core
fiber located in the PULSAR lab. The fiber was filled with Neon gas at 2 bar, and the pulse
duration of the fiber output was less than 7 fs. Details about the fiber system can be found in
reference [10]. The spectral broadening in the fiber is the result of self-phase modulation, which
is a third order nonlinear effect that leads to intensity-dependent modulation of the refractive
index of the gas in the fiber. The output of the fiber is sent through a set of chirped mirrors to

compensate for the substantial positive chirp acquired during spectral broadening.

1.3.3 HHG Set Up
The harmonic chamber installed in the PULSAR lab had three main parts

a) A source chamber with a capillary tube sealed from one side using vacuum-compatible
glue and connected to a gas source from the other side. By focusing laser on the gas tube, it was
possible to make a hole of micrometer size through the gas tube, so the laser could interact with

the gas inside, and produce harmonic photons.



b) A differential pumping chamber, which was designed to separate the source chamber and
detection chamber and maintain low pressure in the detection chamber in order to protect the
microchannel plate (MCP) detector from damage. Moreover, a movable silver mirror was

installed in the chamber for alignment purposes. By looking at the reflected beam from the

silver mirror, we were able to align the beam through the hole drilled through the gas tube.

Figure 1.1 Image of the HHG Setup. The MCP (a), detection chamber (b), differential
pumping chamber (c), and source chamber (d) are shown in the picture. The beam path in
the chamber is shown in Fig. (1.2).

C) In the detection chamber, an aluminum filter of 0.15 micrometer thickness was installed
to block the fundamental laser beam and transmit harmonic photons. The purpose of blocking the
fundamental laser beam was to prevent the grating from heating up and getting damaged. The

grating that was used for separating harmonic photons with different energies was a transmission



nanograting [11]. The other component installed in the detection chamber was a Z-stack MCP
with a fast phosphor screen with life time less than 1 microsecond. By using a fast phosphor
screen, we were able to detect generated harmonic photons from each laser shot of 10 kHz laser

pulses.

1.3.4 Phasemeter

The phasemeter setup installed in PULSAR lab is an instrument that can be used to
retrieve the carrier-envelope phase of each laser shot using the asymmetry of the rescattered
electrons. The theoretical basis of this instrument and phase retrieval algorithm can be found in
the references [12, 13, 10]. This setup has two MCPs on each side of the chamber Fig. (1.2). By
focusing ultrashort laser pulses in the chamber we can measure the asymmetry of Xe ATI yield
along the polarization of the laser beam. This asymmetry changes with the CEP of the ultrashort
pulse, and for the low energy part of the spectrum is roughly sine-like and for the high energy
part of the spectrum is cosine-like. This enables us to make a parametric plot which is called
phase potato Fig. (1.2). However, retrieving the CEP requires re-binning the phase potato data
using the fact that the CEP’s of the laser pulses have a uniform distribution over a 2m range [13].
In our experiment we used a data acquisition card (DAQ) to read two voltages generated by the
phase meter setup for each laser shot. These voltages correspond to the asymmetry of the low
energy and the high energy parts of the ATI spectrum. After running the experiment for three
million shots of the laser we were able to make a parametric plot of the asymmetries and find a
conversion table for retrieving the CEP of the laser pulses from the phase potato parametric plot

using the algorithm mentioned in ref. [13].
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Figure 1.2 Experimental Setup. Parametric plot (a) is the phase potato explaind in the
section (1.3.4) and image (b) is the single shot image of the phosphor screen acquired by the
fast camera

1.4 Data Acquisition

In this experiment, we tagged generated harmonic spectra with the carrier-envelope phase
of the fundamental ultrashort laser pulse. For this purpose we sent some portion of each laser
shot to the phase meter setup and let the other portion interact with the gas medium to produce
harmonic photons. Data acquisition for the experiment involved two parts. First, for each laser

shot, we needed to take an image from the phosphor screen using our camera to figure out what



harmonic photons are produced by the laser pulse. Because the laser pulse repetition rate was 10
kHz and the time interval between successive pulses was 100 microseconds, a fast camera with
an exposure of 15 microseconds and a fast phosphor screen were used to run the experiment in
single-shot mode. Our imaging program was a LabVIEW program developed by Prof.
Kumarappan. In this program, the image information is processed online, and the location of
each hit on phosphor screen, corresponding to the detection of a single harmonic photon, is saved
in a file. The location of each hit on the phosphor screen tells us the energy of harmonic photon.
The details about this program can be found in Xiaoming Ren’s PhD thesis [14]. The second part
of the acquisition involved reading two voltages from the phasemeter setup. The phasemeter
generated 2 voltages for each laser shot that we needed to read in order to retrieve the CEP’s of
the laser pulses, which were random. In order to achieve this goal we used a pulse generation
channel of our camera card to trigger a data acquisition card (DAQ) that was reading the
phasemeter signals, and these two signals were saved along with the position of hits in each
image. After running the experiment for three million laser shots, the saved file was analyzed,
and we were able to reconstruct the phase-tagged harmonic spectra.

The main problem we faced during experiment was local saturation of the MCP, which
was due to high density of lower energy harmonic photons on the MCP. After each photon hits a
channel on the MCP, the channel is almost dead for a few milliseconds. To avoid this problem
we decreased number of generated harmonic photons by decreasing gas density in the interaction
region. Moreover, our camera was not fast enough to acquire image at 10 kHz and was dropping

the rate to 2 kHz. The timing for data acquisition is shown in Fig. (1.3).



Laser pulses

Pulses generated by delay box

Pulses generated by camera

Figure 1.3 Timing of acquisition. 10 kHz laser pulses triggered a delay box, which
generated digital pulses with some delay that were used to trigger the camera. The camera
was not fast enough to acquire image for each laser pulse, so it was dropping the rate and
generating trigger pulses that were sent to a DAQ card.

1.5 Results

—

Figure 1.4 Generated harmonic photons from Nitric Oxide

During the experiment, each laser shot was generating few harmonic photons, and we saved
the location of them on phosphor screen and constructed an image that includes all the generated
harmonic photons. Fig. (1.4) shows all the harmonic photons generated by 3,000,000 laser shots
focused in Nitric Oxide gas. The image above does not include CEP dependence, but we had

tagged all the photons in Fig. (1.4) with the CEP of fundamental laser pulses. If we plot the



number of photons generated at different energies as a function of CEP we can reconstruct the

full CEP dependent spectrum as shown in Fig. (1.5).

CEP (degree)

Photon energy X 10 (eV)

Figure 1.5 After tagging all the harmonic photons with the CEP of the fundamental laser
pulses, we can construct the CEP dependence plot of harmonic photons generated from
Nitric Oxide.

As expected, the harmonic yield is a periodic function of CEP. Moreover, we are looking
at the yield of harmonic photons, so we expect that the periodicity would appear in cosng
components, where n is an even number. If we integrate the spectrum over a narrow energy
range, we can get the CEP dependence for that range of energy. Fast Fourier transforms for three
different ranges are shown in Fig. (1.6). In these figures, we can see different regions of energy
have different phase periodicity. In the general theory of CEP effects developed by Prof. Esry
[9], it is proposed that different Fourier components in the CEP dependence of an observable are
results of the interference between different quantum path-ways leading to the same observable.
However, quantum pathway interference [9] is not the only picture that we can use to interpret

the HHG spectrum. We can consider the HHG spectrum as interference between different half-

10



cycle bursts of emission with different phases that depend on the half-cycle profile of a driving

electric field [15, 6].
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Figure 1.6 CEP periodicity. The graphs show amplitude of different Fourier components
for three different photon energy regions in the harmonic spectra shown in Fig (1.5).

1.6 Conclusion
In this experiment we showed that it is possible to use CEP tagging method to study CEP

dependence of harmonic spectra generated by the laser pulses with the random CEP’s. The

important experimental issue was to make sure the data acquisition from the camera and the

11



phase meter setup are synchronized, which is obvious from the CEP dependence of harmonic
spectra shown in Fig (1.5). Moreover, we investigated the general theory of CEP [9]. We saw the
harmonic yield is a periodic function of CEP and the periodicity appears in cos ng components,

where n is an even number.
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Chapter 2 - Pump probe experiment using ultrashort pulses

2.1 Introduction

Studying charge distributions and their dynamics in molecules and atoms has been one of
the motivations for developing ultrafast physics [16]. In order to study the dynamics of electrons
after ionization, higher-order harmonic generation has been proposed as a promising method. In
principle, harmonic emission happens on the time-scale that the electronic wave packet of the
parent ion is evolving, and thus it can be expected that the harmonic spectra contain “finger
prints’’ of these electronic dynamics. For example, by studying the HHG spectra it has been
shown that the electronic state of the parent ion is superposition of different ionic states [17, 18].

In this experiment our goal was to study the wave packet of a molecular system after
being ionized. This experiment was performed before using different apparatus [19]. For this
experiment, we used an ultrashort laser pulse to ionize target CO, molecules and later on we

probed the resulting CO," ions with another ultrashort laser pulse at different time delays.

2.2 Experimental Setup
2.2.1 Laser System
For this experiment we used the KLS laser located in the JRM lab for generating
ultrashort laser pulses. KLS generates pulses at a rate of 2 kHz with 2 mJ energy, 790 nm central
wavelength, and 30 fs pulse duration. 1mJ of KLS output was focused in the KLS hollow-core

fiber in order to generate ultrashort pulses of 7 fs duration through spectral broadening.

2.2.2VMI

In this experiment, we used a thick lens velocity-map-imaging (VMI) setup [20] that was

initially designed for detection of high energy electrons. We modified the original design of the

13



VMI by removing the first extractor plate in order to make space for the laser beam which was
focused in the interaction region using a concave mirror installed in the vacuum chamber Fig.
(2.3). The SIMION simulation shows with 16.2 kV on the repeller plate it is possible to focus
electrons up to 150 eV on the detector. However, because of insulation problem we need to use

thicker ceramic insulators to reach this goal.

150 ev
140 ev

70 ev
60 ev

20 ev
10 ev

162kv 14kv 12kv

Figure 2.1 SIMION simulation of trajectories for electrons with different energies.

An operational VMI is supposed to focus all the particles that have the same velocity in
the Z direction, as shown in Fig (2.1), to the same point on the detector. In the SIMION

simulation we defined three groups of particles, shown by red, black and green colors in Fig.

14



(2.1). These groups of particles have the same velocity in the Z direction but different velocities
in the X direction. By changing the voltages on the VMI plates we tried to find an optimum
electrostatic field that focuses the three groups of particles to the same place on the detector. In
Fig (2.1) the specified energy is the energy of particles that have initial velocity in the Z
direction. For the energy calibration of the VMI, we need to use the formula E = ¢ R? where E
is the energy of the detected particles, R is the radius of the focal circle on the detector, and c is a
constant. We can find out the constant ¢ by looking at different above-threshold ionization (ATI)
peaks that are separated by one photon energy. For the particles shown in Fig (2.1), we can plot
energy as a function of focal position on the detector. We can see that it follows E = ¢ R? where

C is a constant.
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Figure 2.2 Calibration of our VMI. The red data points are the six different electron
energies from Fig (2.1), and blue curve follows E = ¢ R?> where ¢ = 0.118 when 16.2 kV
applied on the repeller plate.

2.2.3 Optical Setup

The generated 7 fs laser pulse from the hollow-core fiber was split in to two portions by a

15



50/50 broadband beam splitter and then recombined collinearly using another 50/50 beam
splitter. The portion of the beam that was used as a probe was reflected from a pair of mirrors

installed on a translational stage could be moved in 0.5 micrometer steps in order to produce

Differential pumping  VMI Spectrometer

Gas jet . HH.l-- II MCP& phosphor screen

Gas pulse / \, | Delay stage
wedges s
Beam splitter & / Optical chopper
\ ! |
4
chirp mirrors

—

concave mirror

hollowcore fiber

Figure 2.3 Experimental Setup

delay steps of 3.3 fs between the pump and probe pulses. In order to get spatial overlap in the
interaction region in the chamber, after recombination we sent both beams into the far field and
verified that they stayed collinear. Then, we focused both beams in the interaction region using a
focusing mirror installed in the chamber. For finding the time overlap, we changed the delay
between pump and probe and looked for the interference pattern on a screen outside the chamber.

For fine tuning of the overlap inside the chamber we maximized the ion yield signal from the

16



MCP. Moreover, to get transform-limited pulses in the interaction region we used a pair of
fused-silica wedges and maximized the ion yield by changing the amount of glass in the beam

path.

2.3 Data Acquisition

In this experiment, we measured the yield of CO,™" ions using the phosphor screen attached to
the back of the MCP as a function of delay between pump and probe. 2 kHz ultrashort probe
pulses were interacting with the gas beam from a supersonic gas jet. The details about this gas jet
can be found in Varun Makhija’s PhD thesis [21]. The produced CO,"" ions were directed
toward the MCP using the VMI electrostatic plates. The VMI was not operated at space focusing
condition to avoid local saturation of the MCP. The CO,"" ions hitting the MCP produced light
on the phosphor screen. To measure the CO, ** ion yield, we gated the MCP in such a way that it
was only active at the arrival time of the CO,"" ions. Moreover, we used a fast camera to take an
image of the phosphor screen for each probe pulse, and the total yield of CO,™* was measured by
adding up values of the pixels in the image. In order to see the effect of the pump pulses on the
CO,"" yield, we ran in two different situations:

a. The pump pulse is present before the probe pulse.

b. There is no pump pulse, and the ions are just the result of the interaction of the probe

with the CO, gas.

For this purpose, we used an optical chopper to block two successive pump pulses and let the
next two successive pump pulses interact with the CO, molecules. To figure out if the pump
pulse was present before the probe pulse, we used a DAQ card to read a digital signal from the
optical chopper controller. If the signal was high, the pump pulse was present, and if it was low,

the pump pulse was blocked. The important issue was to make sure that the reading of the digital

17



signal from the DAQ card was synchronized with the camera. To achieve this goal, we triggered
the DAQ card with the camera at the start of each exposure time. Moreover, our gas jet runs at 1
kHz repetition rate but the laser repetition rate was 2 kHz. For this reason we used a 1 kHz
digital signal, which was generated by the delay box that was triggering our gas jet, to find out if

the image was acquired when the gas pulse was present or not.

Probe pulses

Pump pulses

Gas pulses

Probe & pump & gas Probe & gas

Probe & pump Probe

Figure 2.4 Timing of acquisition. For each probe pulse, the acquisition program takes an
image and reads two digital signals that tell us if pump pulse and gas pulse are present or
not

After acquiring 3000 images for each delay position between pump and probe we save

the background subtracted and normalized signal

18



S(pump&probe&gas) — S(pump&probe)
S(probe&gas) — S(probe)

2.1

where S(pump&probe&gas) is calculated by adding up all the images that were acquired

when pump, probe and gas pulses were present in the interaction region.

2.4 Results
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Figure 2.5 Yield of CO,"" calculated according to Eq. (2.1) as a function of the delay
between pump and probe.

After repeating the delay scan five times and averaging the yield acquired by Eq (2.1) at each
delay point, we got the data plotted in Fig. (2.5). As we can see, the signal is modulated by
different frequencies. After performing the Fourier transform of the data shown in Fig. (2.5), we
can see three major peaks at 5, 38 and 41 THz. Considering Fig. (2.6) [19], which shows the

electronic states of CO,", it is believed that the 5 THz oscillation corresponds to the transition

between the two X states of CO," [ (000)2111/2 — (000)'x*(X?1,)] , that are split by spin-orbit

19



interaction. The other two frequencies, 38 THz and 41 THz have been identified as the
vibrational transitions in the B [(100) — (000)(B22;)] and the C [(100) — (000)(C2x; )],

states of CO," [19].

FFT Amplitude

TeraHz

Figure 2.6 (a) Fast Fourier transform of data plotted in Fig (2.5), (b) Differet states of CO,"

2.5 Conclusion

By performing pump probe experiment we were able to study the ionic wave packet of CO,". We
saw different electronic states and corresponding vibrational states of the ion have been
populated and the ionic wave packet is superposition of all these states. Due to our data
acquisition, which is relatively fast, it is possible to run this experiment for different laser

parameters with longer delay scans in order to learn more about the strong field ionization.
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