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ABSTRACT

Electron dynamics in atoms and molecules occurs on a time-scale of attoseconds

(10−18 s). With the availability of strong field (∼ 1012− 1013 W cm−2) femtosecond

(10−15 s) laser pulses with electric fields that can reach and exceed the Coulomb field

strength experienced by an electron in the ground state of an atom, it is now pos-

sible to generate even shorter pulses with durations on the order of attoseconds by

the process of high-harmonic generation (HHG). In this dissertation, experiments to

study electron dynamics on attosecond time-scales in a helium atom using attosec-

ond pulses generated by HHG will be described. We use extreme-ultraviolet (XUV)

attosecond pulse trains and strong femtosecond near-infrared (IR) laser pulses to

excite and ionize helium atoms. We first discuss an experimental technique that

allows us to quantify and reduce the detrimental effects of Gouy phase slip on

attosecond XUV-IR experiments. We then discuss our experiments to study the

dynamic behavior of electronic states in a strong field modified helium atom where

we use attosecond pulses to explore the strong-field modified atomic landscape. Us-

ing the Floquet theory to interpret our experimental observations we measure the

variation in quantum phase of interferences between different fourier components

of Floquet states as the IR intensity is varied and as different ionization channels

dominate, in real-time. Next, we briefly discuss quantum interferences between

photo-electrons ionized from XUV excited states in helium using an IR field which

is polarized orthogonal to the XUV polarization. We observe variation in angular

distribution of photo-electrons as a function of XUV-IR time-delay. We then discuss

a new technique to measure the time-of-birth of attosecond pulses using XUV+IR

photo-ionization in helium as a measurement probe. Finally, experiments to study

the evolution of XUV excited wave-packets in helium on a time-scale of 100’s of

femtoseconds with attosecond resolution will be described.
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CHAPTER 1

ATTOSECOND SCIENCE

1.1 Introduction

Electrons play a fundamental role in a wide variety of processes ranging from for-

mation of chemical bonds between atoms to carrying heat and electric current in

metals. They are responsible for emission of light from excited atoms, they decide

chemical properties of atoms and molecules, they carry information in biological sys-

tems and play a central role in processes like photosynthesis, they carry information

in electronic circuits and their properties in nanoscale materials hold great promise

for future devices. Thus studying electronic processes in atoms, molecules and ma-

terials is not only beneficial but essential for the progress of several areas of science

and technology. With the invention of the laser more than 50 years ago, physicists

and chemists have made considerable progress in understanding atomic and molec-

ular processes. However, until very recently, studying electronic processes on their

fundamental time and length scales was not possible due to the lack of light sources

and techniques that can probe phenomena at these scales. Figure 1.1 adapted from

[33] shows the different characteristic time and length scales in microscopic systems.

As shown in figure 1.1 electron dynamics in atoms, molecules and nanostructures

occurs on time scales ranging from attoseconds (10−18 seconds) to femtoseconds

(10−15 seconds) and length scales ranging from picometers (10−12 m) to nanometers

(10−9 m). The availability of short intense femtosecond laser pulses which can reach

and exceed the fundamental coulomb field strength experienced by an electron in

an atom combined with the discovery of extreme-nonlinear optical processes like

high harmonic generation (HHG) have led to the generation of attosecond pulses

with energies in the extreme-ultraviolet (XUV) regime. These attosecond pulses

provide unprecendented time resolution to study electronic phenomena and when
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Figure 1.1: Characteristic time and length scales in microscopic systems. Repro-
duced with permission from Krausz and Ivanov [33].

used in conjunction with femtosecond laser pulses in a ‘pump-probe’ scheme allow

us to trace atomic and molecular processes in real-time. Due to their high photon

energies ranging from tens to hundreds of electron volts, these attosecond pulses can

be used to study core excitation in atomic and molecular systems in a highly time

resolved manner which has not been possible using synchrotron x-ray sources.

In this dissertation, experiments to study attosecond electron dynamics in helium

will be discussed. First, in chapter 1 a brief introduction to the field of attosecond

science along with a review of the fundamental concepts and techniques used in this

field is provided. In chapter 2, attosecond resolved photo-ionization dynamics in

helium in the presence of strong laser fields will be discussed. Strong fields are almost

always used as probing fields in attosecond experiments. Since strong fields can

significantly modify atomic and molecular structure, it is important to quantify the

effects of strong fields on atomic and molecular systems not only for a fundamental

understanding of strong field effects but also for the benefit of attosecond science.

In this chapter a detailed description of the experimental setup and techniques,
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theoretical modeling and results of our experiments to study strong field modification

in helium will be provided. In chapter 3, experiments to study attosecond electron

wavepacket dynamics in helium on time scales of hundreds of femtoseconds in the

field free situation will be presented. Finally, in chapter 4 all the results will be

summarized and future directions will be discussed.

1.2 Intense Laser Fields

As mentioned in the previous section, generation of attosecond pulses from high

harmonic generation requires intense femtosecond pulses. Short femtosecond pulses

with pulse durations on the order of a few tens of femtoseconds became available

with the revolutionary discovery of Titanium Sapphire based self-mode-locking [64]

oscillators in the early 1990s. In these oscillators, a continuous wave laser pumps

the Titanium doped Sapphire (Ti:Sa) crystal placed in a carefully tuned optical

cavity. Different frequencies generated within the gain profile of the Ti:Sa crystal

constructively interfere in the cavity giving rise to a train of femtosecond pulses.

Further investigation of this self-mode-locking process revealed that the so called

Kerr non-linearity in which the refractive index of the medium has a contribution

dependent on laser intensity, can act as an ultrafast saturable absorber and reduce

losses in the mode-locking process [27]. This technology has been termed Kerr-lens

mode-locking.

The relationship between the laser intensity and the electric field strength is

given by

I =
1

2
ε0cE

2 (1.1)

where ε0 is the permittivity of free space and c is the speed of light. When I is

given in W cm−2 and E in V cm−1, I = 1.33 × 10−3 E2 or E = 27.4I1/2 [51]. The

Coulomb electric field experienced by an electron in a hydrogen atom is ∼ 5 × 109

V cm−1 which corresponds to an intensity of 3.51 × 1016 W cm−2 which is the

atomic unit of intensity. In order to reach these intensities, femtosecond pulses
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should contain milli-joule energies per pulse. However, mode-locked oscillators can

only provide pulse energies on the order of nano-joules. Hence an amplification of

∼ 106 is required to reach intensities where extreme non-linear processes can be

studied. Such an amplification of femtosecond pulses can be achieved using the

technique of chirped pulse amplification [65, 41]. In this amplification process, the

short femtosecond pulse from an oscillator is first stretched in time to picosecond

duration using grating based pulse stretchers. The pulse is amplified and then

compressed back to femtosecond duration using grating compressors. This technique

overcomes the problem of damaging the amplification medium due to the short

pulse duration which prevents direct amplification of femtosecond pulses. Current

table-top amplifier systems can reach Terawatt (1012 W) peak powers and 1014 −
1016 W cm−2 peak intensities and large scale laser facilities with multiple stages of

amplification can reach peal powers of 100s of Terawatt and even Petawatt (1015

W) with peak intensities exceeding 1018 W cm−2.

1.2.1 Femtosecond Pulse Characterization: FROG

Before femtosecond pulses are used in experiments, they need be characterized com-

pletely. Since optical detectors can only respond on time scales as short nano-

seconds, in order to measure the temporal nature of femtosecond pulses specialized

techniques need to be adopted. For sampling the electric field of a laser pulse, a

temporal gate is necessary. The only available gate for a femtosecond pulse is the

pulse itself. By splitting a femtosecond pulse into two pulses and scanning them

across each other in time, an autocorrelation trace of the pulse can be obtained.

The autocorrelation is given by

S(τ) ∝
∞∫

−∞

E(t)E(t− τ)dt (1.2)

where E is the laser electric field and τ is the time-delay. The autocorrelation only

allows the retrieval of the envelope of the laser pulse which gives the pulse duration

of a fourier-transform-limited pulse which has a constant spectral phase. However,
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when measuring an unknown pulse it cannot be assumed that it is transform-limited.

Hence, a more robust method is necessary. In the late 1990s Trebino, et.al [71]

proposed a technique called the frequency resolved optical gating (FROG) which

can completely characterize a femtosecond laser pulse by making measurments in

the time-frequency domain. The quantity measured in the most typical version of

the FROG technique is the FROG spectrogram given by

S(ω, τ) =

∣∣∣∣∣∣
∞∫

−∞

E(t)E(t− τ)eiωtdt

∣∣∣∣∣∣
2

(1.3)

The product of the electric fields of the laser pulse is obtained experimentally by

using the process of second harmonic generation and the signal obtained is then

spectrally resolved as the two pulses are scanned across each other in time sim-

ilar to the autocorrelation method mentioned above. The FROG spectrogram is

then processed using an iterative algorithm to obtain complete information about

the temporal properties of the laser pulse. Figure 1.2(a) shows a typical FROG

spectrogram and figure 1.2(b) shows the reconstructed pulse intensity and phase.

1.2.2 Multiphoton Ionization

In the presence of intense laser fields, atoms and molecules can absorb multiple

photons and reach excited or continuum states. At intensities of 1013−1014 W cm−2,

multiphoton ionization can be modelled using lowest order perturbation theory. The

n-photon ionization rate is given by [51]

Γn = σnI
n (1.4)

where n is the minimum number of photons needed for ionization, I is the intensity

of the laser field and σn is the generalized cross section for the process. This scaling

behavior is valid only below the saturation intensity above which the initial state

is completely depleted. The quantity σn is not easy to calculate especially when

resonances mediate the multiphoton ionization process. However, methods have

been developed to calculate this quantity even in such situations [35].
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Figure 1.2: (a) A typical FROG spectrogram. (b) Reconstructed pulse intensity
and phase.

1.2.3 Above-threshold Ionization

In multiphoton ionization, more than one photon is absorbed by a bound electrons

to reach the continuum. In experiments to study multiphoton ionization processes,

it has been observed that electrons can absorb more than the minimum number of

photons required for ionization [1, 34]. These electrons appear in the continuum at

discrete energies spaced by one photon. This process is known as above-threshold

ionization (ATI). It is well known that free electrons cannot absorb photons which

can be shown using relativistic energy and momentum conservation. ATI is possible

despite this constraint because the electrons leaving an atom during ionization can

absorb more photons while still under the influence of the atomic potential.

Equation 1.4 can be generalized to incorporate ATI and can be written as [51]
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Γn+s ∝ In+s (1.5)

where s is the excess number of photons absorbed. This equation has been ex-

primentally verified by Fabre et.al [17]. The photoelectron energy is given by an

extension of Einstein’s law of photo-electric effect and can be written as

E = (n+ s)~ω −W (1.6)

where n is the minimum number of photons needed for ionization, s is the excess

number of photons and W is the work function or the ionization potential.

1.2.4 Ponderomotive Energy

When an electron is ionized by a laser pulse, in addition to a translational kinetic

energy, it can gain a quiver energy in the continuum while it is in the vicinity of the

atom, due to the oscillating electric field of the laser pulse. This energy is called the

ponderomotive energy Up. Using classical mechanics, it can be shown that

Up =
e2E2

4mω2
(1.7)

where e is the electronic charge, E is the electric field of the laser pulse, ω is the

central frequency of the laser pulse and m is the mass of the electron. In electron

volts Up = 9.33×10−14I(W cm−2)λ2(µm). For a laser wavelength of 785 nm used in

experiments discussed in this dissertation, Up = 5.75×10−14I(W cm−2). If the laser

is intense enough even the high lying bound states will gain this energy and thus the

ionization threshold shifts higher by an amount equal to the ponderomotive energy.

This shift can be observed in energy resolved photoelectron experiments and this

shift can be used to calibrate the intensity of the laser pulse in the focus.

1.2.5 Tunnelling Ionization: Keldysh Theory

In the presence of intense laser fields, multiphoton ionization is not the only route

for photoionization. If the field is intense enough and the frequency low enough,
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Figure 1.3: A schematic of tunnelling ionization

the atomic potential can get distorted by the strong laser field thus suppressing the

coulomb barrier for the electron in a bound state. In this suppressed coulomb bar-

rier, the electron can tunnel out of the atom and reach the continuum. A schematic

of this process is shown in figure 1.3. In 1965 Keldysh proposed a theory for such

a tunnelling ionization mechanism in which the electron directly makes a transition

from the ground state to a continuum state and intermediate resonances were ne-

glected. The Keldysh parameter defined as γ =
√

Ip
2Up

where Ip is the ionization

potential and Up is the ponderomotive energy, both in atomic units, allows us to

categorize the different ionization mechanisms. When γ << 1 tunneling ionization

dominates and when γ >> 1 multiphoton ionization dominates though there has

been some debate about the suitability (or unsuitability) of the Keldysh parameter

in deciding the dominant ionization mechanism [54]. After Keldysh proposed his

theory of tunnelling ionization Faisal and Reiss made significant improvements to

the theory which is now known as the Keldysh-Faisal-Reiss (KFR) theory. The

Perelomov, Popov and Ternt’ev (PPT) model allows us to calculate the ionization

rates for both multiphoton and tunnelling regimes. The Ammosov-Delone-Krainov

(ADK) model is an alternate model which is simpler and agrees with the PPT model

in the tunneling regime.

1.2.6 Volkov States

The Schrödinger equation for an atom in a laser field is given by
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i~
∂ψ(~r, t)

∂t
= [H0 +HL]ψ(~r, t) (1.8)

where H0 is the atomic Hamiltonian and HL is from the laser field. Far from the

atom, the effect of the Coulomb field can be neglected. In this situation, the solution

to the Schrödinger equation can be written as

ψv(~r, t) = e
i
~ [~pm.~r−

p2m
2me

t−Upt]
∞∑

n=−∞

∞∑
m=−∞

Jm(
e2A2

0

8~ωmec2
)

× Jn−2m(|~ε.~pm|
eA0

~ωmec
)einωt (1.9)

where Jm are Bessel functions of order m, ~pm is the mechanical momentum of the

electron, Up is the ponderomotive energy, A0 is the amplitude of the laser vector

potential, e is the electronic charge, ω is the laser frequency and me is the electron

mass. These continuum states of an electron in a laser field are called Volkov states.

1.3 High Harmonic Generation

As early as the late 1980’s and early 1990’s, in experiments to study nonlinear

response of atomic gases to intense radiation fields, researchers had observed that

high-order harmonics of the fundamental laser frequency is produced when a strong

laser pulse is focused into a gas [47]. The laser intensity used in this experiment was

already in the range of ∼ 1015 − 1016 Wcm−2 even though the pulse duration was

many 100’s of femtoseconds. As shorter pulses which were a few tens to few hundreds

of femtoseconds in duration became available, interest grew rapidly to study the

process of high-harmonic generation (HHG) both experimentally and theoretically

and develop it as a useful table-top source of extreme ultraviolet (XUV) radiation

[40, 32].

1.3.1 Properties of HHG

The interaction of intense ultrashort laser pulses with atoms and molecules gives

rise to the generation of high harmonic radiation. The energy of the generated



21

harmonics is in the extreme-ultraviolet (10 eV to 125 eV) and soft-x-ray (125 eV

- 10 KeV) region of the spectrum. As the name suggests, high harmonic radiation

consists of discrete high-order harmonics of the fundamental frequency of the intense

driving laser pulse. Since the high harmonics are produced due to recollision of

ionized electrons every half laser cycle, due to the isotropy of the gaseous generating

medium and the symmetry of the positive and negative electric field cycles of the

laser pulse, in the frequency domain only odd harmonics are produced (see figure

1.4). Alternately, from perturbative non-linear optics, the polarization P of the

generating medium can be written as a Taylor series in electric field E as follows

P (t) ∝ χ(1)E(t) + χ(2)E(t)2 + χ(3)E(t)3 + ... (1.10)

where χ(1), χ(2), χ(3).. are the susceptibilities of the medium. Since the intensity of

the harmonics depends on the induced polarization, the even harmonics depend on

even powers of the electric field and the odd harmonics depend on the odd powers.

If the generating medium is isotropic, the susceptibilities of even order terms must

vanish in order to ensure that the polarization changes sign when the electric field

changes sign. This argument, though applicable mainly in the perturbative regime,

qualitatively explains the absence of even harmonics. Both even and odd harmonics

can be generated by using a two-color laser field in which the positive and negative

electric field cycles of the net laser pulse are asymmetric [45, 14]. The discrete

harmonics correspond to localized bursts of radiation in the time domain every half

laser cycle in the case of odd harmonics and every laser cycle in the case when

both odd and even harmonics are produced by using two-color laser fields. These

attosecond pulse trains will be discussed later.

Another important property of high harmonic generation is the existence of a

definite cut-off energy above which no harmonics are produced. This high harmonic

cut-off energy depends on the intensity of the HHG driving laser pulse and the

ionization potential of the atom or molecule which is used as the generating medium.

The cut-off energy is given by
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Figure 1.4: A typical experimental high harmonic spectrum obtained from Xe show-
ing discrete odd harmonics.

Ecutoff = Ip + 3.17Up (1.11)

where Ip is the ionization potential and Up = e2E2
0/4mω

2 is the ponderomotive

energy mentioned earlier. This expression indicates that a higher peak laser intensity

will result in a higher cut-off energy. But that is not always true, since equation

1.11 is valid only as long as the ground state is not significantly depleted. When

the peak intensity is high enough to cause depletion of the ground state, the cut off

energy is determined by the intensity at which depletion begins on the leading edge

of the pulse [6]. This constraint can however be overcome by using short few-cycle

laser pulses. In this case, due to the high intensity gradient, a higher peak intensity

can be reached well before ground state ionization saturates thus increasing the

cut-off energy [8]. This would not be possible with a longer pulse of the same peak

intensity.
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1.3.2 The Semiclassical Three-Step Model

A re-collisional three-step model was put forth by Paul Corkum [11] to describe

the process of HHG. This model, though semi-classical in nature, explains all the

important properties of high harmonic radiation and captures the essence of the

HHG process. A complete quantum mechanical model of HHG has been developed

by Lewenstein et.al [36]. Below, the three-step model will be briefly discussed.

In the three-step model, the first step is tunnel ionization of the atom in the

presence of a strong laser field. The rate of ionization is described quantum me-

chanically using the Ammosov-Delone-Krainov (ADK) model [3] and following [11]

is given by

Wdc = ωs|Cn∗l∗|2Glm(4ωs/ωt)
2n∗−m−1exp(−4ωs/3ωt) (1.12)

where ωs = E0
s/~, ωt = eE(2meE

0
s )
−1/2, n∗ = (Eh

s /E
0
s )1/2, Glm = (2l + 1)(l +

|m|)!(2−|m|)/|m|!(l−|m|)! and |Cn∗l∗ |2 = 22n∗
[n∗Γ(n∗+ l∗+1)Γ(n∗− l∗)]−1, E0

s is the

ionization potential of the atom, Eh
s is the ionization potential of hydrogen, l and m

are azimuthal and magnetic quantum numbers and E is the electric field amplitude.

l∗ = 0 for l << n and l∗ = n∗ − 1 otherwise. In this tunnneling model, an electron

wavepacket is created near each peak of the electric field of the laser pulse.

The second step describes the motion of the ionized electron wavepacket in the

laser electric field using classical mechanics. Here, the assumption is made that

the electron has an initial velocity and position of 0. This has been justified [12]

by comparison with previous experiments. Once the electron tunnels out of the

atom, its motion in the laser field can be classically described in atomic units by

the following equations [11],

x = −x0cos(ωt) + v0xt+ x0x (1.13)

y = −αx0sin(ωt) + αv0yt+ y0y (1.14)

vx = v0sin(ωt) + v0x (1.15)

vy = −αv0cos(ωt) + v0y (1.16)
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Figure 1.5: A diagrammatic description of the three-step model for HHG

where α depends on the polarization of the laser electric field, α = ±1 for circular

polarization and α = 0 for linear polarization. v0 = E0/ω, x0 = E0/ω
2 and v0x, v0y,

x0x and y0y depend on initial conditions.

From equations 1.12 and 1.13-1.16 it can be shown that half the electrons ionized

by the laser pulse pass the position of the ion at x = 0 once during the first laser

cycle after ionization. This re-collision process is what gives rise to the generation of

high harmonic radiation and is the third and final step of the three-step description

of the HHG process. Figure 1.5 pictorially described the three-step HHG process.

From equations 1.12 and 1.13-1.16, it can also be shown that the most likely and

the maximum kinetic energy gained by the electron is equal to 3.17 times the pon-

deromotive energy. Electrons ionized at a phase of 17o, 197o.. after the peak of the

laser electric field will achieve this maximum kinetic energy. The three-step model

thus correctly predicts the cut-off energy given in equation 1.11. It is important to

note also that this model clearly shows that HHG does not occur when a circularly

polarized laser pulse is used since the electron never returns to the vicinity of the

ion.

1.3.3 HHG Phase-matching

The description of the HHG process given so far is microscopic in nature and ignores

the macroscopic propagation effects of the high harmonic radiation. The relative

phase-mismatch between the fundamental HHG driving field and the harmonics can
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affect the efficiency of the HHG process. Firstly, since the fundamental laser pulse

is focused into the gas, one major contribution to the phase-mismatch is due to the

Gouy phase shift [20, 37, 38]. Gouy phase shift is the phase accumulated by an

electromagnetic wave (or any wave for that matter) as it goes through a focus. The

effect of the Gouy phase shift on the HHG process can be somewhat counteracted by

moving the focus away from the target gas. But this reduces interactions length and

requires larger laser energy. Secondly, since ionization is a pre-requisite for the HHG

process, the high harmonic radiation that is produced is subjected to the dispersion

effects of the plasma created by ionization in addition to the effects of the neutral gas

in the generating medium. This can also contribute to phase-mismatch between the

fundamental laser pulse and the generated high harmonics. Thus creating proper

phase matching conditions is important for enhancing HHG yield.

It has been demonstrated that both the effects mentioned above can be circum-

vented by generating harmonics in a gas-filled glass wave-guide [56]. The phase-

mismatch between the qth harmonic and the fundamental wave in the wave-guide is

given by [15]

∆k = kq − qkf =
qu211λ0
4πa2

− P [(1− η)
2π

λ0
q∆δ − η(Natmre(λq − qλ0))] (1.17)

where kq and kf are the propagation constants of the qth harmonic and the funda-

mental respectively, P is the pressure of the gas in atmospheres, η is the ionization

fraction, Natm is the number density of the gas atoms at one atmosphere, ∆δ is

the difference in neutral gas dispersion for the fundamental and the qth harmonic,

λ0 is the wavelength of the fundamental laser, re is the classical electron radius,

u11 = 2.405 is the first zero of the Bessel function J0 [44] and a is the radius of the

wave-guide. Using this method of generating harmonics in a glass wave-guide not

only increases the interaction length of the laser beam with the gas but also provides

excellent control of phase-matching by varying the gas pressure and laser intensity.

This scheme of generating high harmonics will be used in the experiments discussed

in the following chapters of this dissertation.
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1.4 Attosecond Pulse Trains (APTs)

Since HHG occurs due to the interaction of ionized electrons with the ionic core

every half laser cycle, in the time domain, high harmonic emission corresponds to

a train of attosecond pulses of XUV radiation. When a 40 fs laser pulse of peak

intensity ∼ 1014 Wcm−2 is used to generate the harmonics, this train is typically

about 10 fs in duration. Though the APT is femtosecond in duration, since the each

burst in the pulse train lasts only a few hundred attoseconds, APTs can be used

to study attosecond electron dynamics in atomic and molecular systems [30, 60, 31,

24, 52, 26, 63].

1.4.1 Temporal Characterization of APTs: RABBITT

In order to use APTs as a source for investigations of electron dynamics on attosec-

ond time-scales, they first need to be characterized completely. Spectral charac-

terization of APTs can be relatively easily performed using an XUV spectrometer.

However, for complete temporal characterization, both spectral amplitude and spec-

tral phase of the APTs is required. Measuring the spectral phase is non-trivial and

in order to accomplish this task clever techniques like RABBITT [50, 48, 42] and

FROG-CRAB [43] have been developed to accomplish this task. Below, the RAB-

BITT technique will be discussed briefly.

In the case of femtosecond pulses, the FROG technique allows us to completely

characterize the pulse using a replica of the pulse as a temporal gate. In the version

of the FROG discussed earlier, second harmonic generation is used to obtain the

FROG spectrogram in the time-frequency domain from which the pulse can be tem-

porally characterized. In the case of XUV APTs the same technique is not directly

applicable since no non-linear optical material exists for second harmonic generation

in the XUV regime. Thus, a completely new approach had to be adopted. When

an atom is photo-ionized using an APT, the discrete XUV harmonics in the APT

create photoelectron wave-packets in the continuum at different discrete energies.

These wave-packets are almost exact replicas of the XUV pulse and hence by making
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Figure 1.6: (a) A schematic of the two-photon (XUV+IR) interferences in the con-
tinuum that results in sidebands. High harmonics 13 and 15 are used to illustrate
the process. (b) A typical experimental RABBITT spectrogram. Sidebands which
oscillate twice per IR optical cycle (o.c) are seen near 22 eV and 25 eV.

measurments on these photo-electrons, the spectral and temporal properties of the

APT can be extracted.

Veniard, et.al [73] have shown that when electrons are photo-ionized from atoms

in the presence of high harmonics and IR fields, the photo-electrons in the contin-

uum absorb/emit IR photons and can form sidebands. Electrons ionized by two

consecutive harmonics can interfere in the sideband located at an energy between

the two harmonics. This interference can be modulated by varying the time-delay

between the XUV and IR fields and the phase of the modulation gives the phase

difference between the two harmonics. Once this phase difference is known for all

harmonic pairs, the APT can be reconstructed in the time-domain. Figure 1.6(a)

shows a schematic of the two-photon interference process and figure 1.6(b) shows a

typical experimental RABBITT spectrogram.

At low IR intensities, this problem can be treated in second-order perturbation

theory and each harmonic has only one side-band on either side. Following the

discussion in [50], we can use the Fermi’s golden rule to write the total transition

probability to a final state ψf at the qth sideband energy of Eq = E0 + q~ω as
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Sq =
∑

f

∣∣∣M (+)
f,q−1 +M

(−)
f,q+1

∣∣∣2 (1.18)

where M
(+)
f,q−1 and M

(−)
f,q+1 are two-photon transition matrix elements for transitions

from the ground state ψi to the continuum state ψf through two different paths,

one corresponding to qth harmonic and absorption of an IR photon the other corre-

sponding to emission of an IR photon. It can be shown that the interference terms

in equation 1.18 can be written as

Sintq = 2
∣∣∣M (+)

f,q−1

∣∣∣ ∣∣∣M (−)
f,q+1

∣∣∣ cos(2ωIRτ + φq−1 − φq+1 + ∆φfatomic) (1.19)

where ωIR is the IR frequency, τ is the time delay between XUV and IR and ∆φfatomic

is the phase of the matrix element of transition to the continuum state which is

small and can be ignored. By fitting this equation to the photo-electron yield at

the sidebands, the phase difference between each pair of harmonics can be obtained

and the APT can be reconstructed.

1.5 Isolated Attosecond Pulses

In section 1.4 attosecond pulse trains and their measurement was briefly discussed.

In the last decade or so, single isolated attosecond pulses with durations around

a few hundred attoseconds have been generated. This has been possible using the

technique of amplitude gating in which a few cycle pulse is used to drive the HHG

process in a suitable gas [23, 28, 29]. Due to the few cycle nature of the generating

laser pulse, the harmonics near the cut-off region of the high harmonic spectrum are

generated within half cycle near the peak of the pulse. By using suitable filters to

select these near cut-off harmonics, an isolated attosecond pulse can be produced.

More recently, the technique of polarization gating has been used to generate such

pulses. In the polarization gating technique, the constraints on the polarization

of the generating laser pulse in HHG is used limit the duration over which HHG

process can occur. As mentioned in section 1.3.2, harmonics are not generated when
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Figure 1.7: A typical streaking spectrogram. Reproduced with permission from
Goulielmakis, et.al [19].

a circularly polarized laser pulse is used. By choosing a suitable combination of laser

pulses and optical elements, it is possible to shape a laser pulse such that it is linearly

polarized in a short region near the peak and circularly polarized everywhere else

[58]. The techniques of double optical gating (DOG) and generalized double optical

gating have been developed in the past few years which generate isolated attosecond

pulses very efficiently. The bandwidth of these pulses can be as large as a 100 eV.

Using the DOG technique Zhao, et.al [75] have generated a 67 attosecond pulse

which is the shortest light pulse ever created.

1.5.1 Attosecond Streaking

When an atom is ionized by an isolated attosecond pulse in the presence of a fem-

tosecond laser pulse, the electron gets a momentum kick from the laser electric field

which depends on the phase of the laser field at the time of ionization. The change

in momentum of the electron is given by [19]
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∆p = e

∞∫
t

EL(r, t′)dt′ = eAL(r, t) (1.20)

where e is the electron charge, EL is the laser electric field and AL(r, t) is the

vector potential. This process is called attosecond streaking. Figure 1.7 shows a

typical attosecond streaking spectrogram [19]. Attosecond streaking is an extremely

useful and powerful technique in attosecond science which is used in a variety of

experiments ranging from measurement of the waveform of a few cycle laser field [19]

and characterization of isolated attosecond pulses by employing the FROG-CRAB

method [43] to measurement of fundamental electronic processes on the attosecond

time-scale [57].
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CHAPTER 2

ATTOSECOND RESOLVED PHOTOIONIZATION DYNAMICS IN STRONG

FIELDS

In this chapter, a detailed discussion of experiments on studying the strong field

modification of photo-ionization dynamics involving quantum interferences will be

presented. Helium is chosen as a test case since theoretical modeling is tractable

and at the same time rich dynamics can be observed especially in the presence of

strong fields. First, a brief discussion on electron dynamics in attosecond XUV

field and strong femtosecond IR field will be presented along with an outline of

the goals of these experiments. This will be followed by a detailed discussion of the

experimental setup and techniques used in this study. Next, an extensive analysis of

our experiment to study quantum interferences in strong-field modified helium will

be presented including the effect of IR polarization on such interferences. Finally,

in the last section, a new technique to measure the “time-of-birth” of attosecond

pulses will be discussed.

2.1 Attosecond Electron Dynamics and Effects of Strong Fields

Strong laser fields with intensities on the order of 1012−1013 W cm−2 can significantly

modify atomic structure. Figure 2.1 shows a plot of photo-absorption cross section

for a helium atom as a function of photon energy and strong IR laser field intensity.

From this figure it can be seen that in the presence of a strong laser field, atomic

states are shifted, broadened and new structures develop. Even at intensities of a

few TW cm−2, the atomic structure is quite different from the unperturbed atom.

Studying such a strong field modified atom or molecule is not only fundamentally

interesting but also essential since most attosecond pump-probe experiments use a

strong IR field as a probe, which inevitably modifies the atom or molecule being
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Figure 2.1: Photoabsorption cross section of helium as a function of photon energy
and strong field intensity. The location of a few of the unperturbed states are shown.

probed.

Since the XUV APT is composed of discrete harmonics in the frequency domain,

using the XUV pulse along with the fundamental IR pulse provides a unique oppor-

tunity to study multi-path quantum interferences in XUV + IR photo-ionization.

Moreover, the presence of a strong IR field during such interferences can give rise

to highly interesting dynamics. Johnsson et.al [25] have shown that when helium is

ionized in the presence of XUV and IR fields, the ionization yield of helium oscillates

as a function of XUV-IR time delay. Other experiments have made these observa-

tions as well [52, 24]. By using Floquet theory and time-dependent Schrödinger

equation simulations it has been shown that these oscillations can be intepreted as

occuring due to quantum inteferences between excitations to different components

of Floquet states created in the presence of the IR field. Our main goal in the
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experiments described below is to use this Floquet theory based interpretation to

study quantum interferences in a strong field modified atom and trace the dynamic

behavior of different field-modified states in real-time. We begin by first describing

the experimental setup.

2.2 Experimental Setup and Techniques

This section is divided into multiple subsections each describing different parts of

the experimental setup and the different techniques used in the experiments.

2.2.1 Laser Source

In our experimental setup, we obtain amplified 40 fs, 785 nm near infra-red (IR)

pulses of 1.5 mJ energy at a 1 KHz repetition rate from a Ti:Sapphire femtosecond

laser system. The laser system consists of a Ti:Sapphire Kerr-lens modelocked os-

cillator followed by a chirped-pulse amplifier both manufactured by KM labs. The

pulse energy is obtained by measuring the average power of the laser beam using a

thermopile power meter and dividing that power by the pulse repetition rate. The

spectrum of the pulse is obtained using a standard spectrometer manufactured by

Photon Controls. The measurement of the temporal profile of the laser pulse is ac-

complished using the Frequency Resolved Optical Gating (FROG) technique which

was discussed in the previous chapter.

2.2.2 Attosecond Beamline

As shown in figure 2.2, the IR pulse is split into two parts using a 50/50 broadband

beam splitter designed for ultrafast femtosecond pulses. One pulse is focused with

an intensity of ∼ 6 × 1013 Wcm−2 into a Xenon filled glass capillary or waveguide

to generate an attosecond pulse train (APT) using the process of high-order har-

monic generation (HHG). The high-order harmonics produced are in the extreme-

ultraviolet (XUV) region of the electromagnetic spectrum. As discussed in chapter

1, using a gas filled glass waveguide allows for better phase matching of the har-
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monics with the fundamental IR pulse using gas pressure and IR pulse energy as

control parameters. By varying these parameters, it is possible to tune the ener-

gies of the harmonics by as much as 1.5 eV. The XUV APT is focused onto an

effusive Helium gas jet using a grazing incidence toroidal mirror. Starting from

the HHG waveguide onwards, the entire beamline is kept under vacuum since XUV

light gets quickly attenuated in air due to absorption. The second pulse (IRp) goes

to a precision delay stage driven by a digital piezo translator which can move the

stage in steps of 1 nm. This beam is then focused with a 50 cm lens onto the He

target in the interaction region leading to a peak intensity ∼ 3× 1012 Wcm−2. The

XUV and IR fields are linearly polarized along the z-direction and propagate along

the y-direction. The photo-fragments resulting from the interaction are accelerated

along the x-direction and imaged onto the detector by applying suitable voltages

on annular metal electrodes. The detector consists of a micro-channel plate (MCP)

stack backed by phosphor screen. The images from the phosphor are obtained using

collection optics and a sensitive CCD camera. The photoelectrons are imaged onto

the MCP in a velocity map imaging scheme (VMI) [16] or a direct spatial imaging

scheme.

The XUV high-order harmonic spectrum is measured by imaging photo-electrons

ejected by single photon ionization of Argon gas target. Using the photoionization

cross section values obtained from literature for Argon in the desired photon energy

range, the XUV spectrum can be reconstructed. The uncertainity in the measure-

ment of energy is on the order of 100 meV.

The duration of the attosecond XUV bursts in the APT is measured using the

RABBITT technique discussed in chapter 1. Figure 2.3(a) shows a typical RAB-

BITT photoelectron spectrogram obtained in our experiment. By measuring the

relative phases of the oscillations of the photoelectron yield in the sidebands, the

attosecond bursts can be reconstructed. Figure 2.3(b) shows the reconstructed at-

tosecond bursts which have a burst duration (full-width at half maximum of inten-

sity) of ∼ 440 attoseconds.
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Figure 2.2: (a) Experimental setup showing XUV-APT beam, IR beams and the
photo-fragment detection scheme.

2.2.3 Velocity Map Imaging

Velocity map imaging is a unique charged particle imaging scheme that maps a

given speed and ejection angle of charged particles to a given point on the detector.

The three dimensional cloud of charged particles is “pancaked” onto the detector.

During ionization or dissociation of most atomic and molecular systems, the charged

particles are ejected with a symmetric distribution about the laser polarization axis

(azimuthal symmetry). When azimuthal symmetry exists, the full three-dimensional

distribution can be reconstructed from this “pancake” by using suitable inversion

algorithms like Onion Peeling, PBASEX, Polar Onion Peeling, BASEX and the

Iterative algorithm.

The VMI setup consists of three metal electrodes called the repeller, extractor

and ground plates. These electrodes are thin circular metallic discs of 4 inch diam-

eter with the extractor and ground electrodes having a one inch diameter circular

hole in the center. High voltage is applied to the repeller and extractor plates and
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Figure 2.3: (a) Temporal characterization of APT using IR induced continuum
interferences that result in sidebands (b) Temporal width of XUV bursts obtained
from the sideband phases.

the ground plate, as the name suggests, is always held at ground. The target gas

used in the experiment flows into the VMI setup through a 70 µm hole in the re-

peller plate. The laser beam travels parallel to the repeller plate and is focused

onto the target gas about 4 mm above the repeller plate. A negative high voltage

is applied to the electrodes to image electrons and negative ions, whereas a positive

high voltage is applied to image positive ions. A charge particle trajectory simula-

tion software called SIMION is used to obtain the optimum values of voltages on

the electrodes to achieve the velocity mapping configuration. These values are fine

tuned experimentally to obtain the best focusing conditions. In our VMI setup,

velocity mapping was achieved for an extractor to repeller voltage ratio of 0.812.

Typically, a repeller voltage of 3 KV was used to image electrons and a voltage of

1− 2 KV was used to image positively charged ions.

The VMI electrodes are housed in a µ-metal shielding to eliminate extraneous

magnetic fields and the axis of the electrodes are aligned along the north-south

direction to reduce the distortion of charged particle trajectories (especially electron

trajectories) by the earth’s magnetic field. The entire setup is placed in a high

vacuum chamber which can be pumped down to a pressure of ∼ 2×10−7 Torr when
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no gas is flowing into the VMI setup. During the experiment the flow of the target

gas into the chamber is controlled using a pressure controller such that the ambient

pressure in the chamber is ∼ 6× 10−6 Torr. Under these conditions, the target gas

density at the laser focus is estimated to be around 1012 − 1014 cc−1. Though a

higher target gas density can improve count rates and significantly reduce the data

acquisition time, an ambient pressure above ∼ 1 × 10−5 Torr will introduce space-

charge effects that can distort the velocity map imaging and at the same time may

damage the sensitive micro-channel plate detector.

Due to the high voltage on the repeller plate and the high density of gas near the

repeller, arcing can occur between the repeller and the metallic tube carrying the

gas into the high vacuum chamber. In order to prevent this a teflon block is placed

as an insulating break between the repeller plate and the metallic tube. Instead of

grounding the metallic tube, it is insulated from the vacuum chamber and allowed

to float. The metallic tube can be maintained at a suitable voltage if needed. This

significantly increases the voltage on the repeller at which arcing occurs.

The micro-channel plate detector (MCP) used in the setup is a 40 mm diameter

dual plate MCP in a chevron configuration. The channels have a 12 µm diameter

and a 10 degree angle with the surface normal. Due to the pixelated nature of

the channels, the MCP acts as a position sensitive detector for charged particles.

When electrons or negative ions need to be imaged, the front plate of the MCP

is held at ground. A positive high voltage of 1.1 KV DC and a positive 600 V

square pulse is applied to the back plate. The 600 V pulse has a width of ∼ 500

µs and is produced by a high voltage pulse generator triggered by a square voltage

pulse synchronized with the laser pulse. The delay of the high voltage pulse can be

controlled by changing the delay of the trigger pulse using a delay generator. The

charged particles that hit the MCP produce a shower of electrons which multiply and

hit a phosphor screen behing the MCP. The phosphor screen is held approximately

2.3 KV above the MCP back plate voltage. The phosphor on the phosphor screen

is a P-47 phosphor with a lifetime of ∼ 125 ns. The light flash produced by the

incidence of electrons on the phosphor is coupled out through a fiber optic bundle
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and is imaged using a Gigabit Ethernet CCD camera. When positive ions need to

be imaged, a negative high voltage of 1.1 KV DC and a negative 600 V square pulse

is applied to the front plate and the back plate is held at ground. Everything else

is the same as described for electrons/negative ions.

As described above, a positive (negative) high voltage DC of 1.1 KV and a 600

V square pulse is applied to the back (front) plate of the MCP to image electrons

(positive ions). Since the MCP is active only when the 600 V pulse is present,

controlling the delay time of the pulse allows us to select charged particles that

arrive at different times at the MCP. This in turn allows mass selectivity since the

time-of-flight t ∝
√
m/(qVR [16], where VR is the repeller voltage. Thus, this particle

imaging setup not only allows energy and angle resolved measurement of charged

particles but also allows us to select the charged particle species being imaged based

on their mass. As will be discussed in the next section, with a slight modification

of the voltages applied on the VMI electrodes, the same setup can also be used in

a direct spatial imaging mode. This configuration is very useful in obtaining high

quality ionization signals by eliminating laser focal volume averaging effects like the

Gouy phase slip.

2.3 Spatial Imaging and Gouy Phase Slip

Attosecond resolution is obtained in XUV + IR studies by using the relative phase

between two fields as a variable parameter. Thus, it is of crucial importance that

the relative XUV/IR phase remains constant over the interaction region. However,

it is well known that an electromagnetic wave going through the focus experiences

a phase change, called the Gouy phase shift [20]. As a result, there is a spatially

dependent phase shift for both the XUV and IR fields in the interaction region. The

Gouy phase shift for a gaussian beam after going through the focus is arctan(z/zR)

where zR is the Rayleigh range of the focused beam. The Rayleigh range zR = πw2
0/λ

where w0 is the radius of the focal spot and λ is the wavelength. Since the Gouy

phase shift is wavelength dependent, due to the widely different wavelengths of the
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XUV and IR fields, they undergo a relative phase slip in the focal region. This

leads to signal averaging over a range of relative phases, adversely affecting the

measurement accuracy. Almost the entire contribution to this phase slip comes

from the Gouy phase shift of the IR beam since the XUV beam has a very long

Rayleigh range compared to the size of the interaction region. To ameliorate these

effects, researchers typically place the target before/after the focus [50]. A better

way to eliminate these effects would be to spatially gate the ionization signal in order

to eliminate averaging over the entire focal region. This can be done by physically

introducing a slit in the particle imaging setup so as to select the charged particles

produced in a very small region of the focus [39]. An easier method is to directly

image the ions such that there is a one-to-one mapping of the ions arising from the

focal region and the image formed on the detector. Experiments using this second

technique will be discussed below [59].

First, an experiment to perform an accurate in situ characterization of the phase

slip of an annular beam is discussed. This is important because, unlike Gaussian

or other well-defined modes [18], the Gouy phase shift of complex beam profiles

cannot be easily calculated. Second, the detrimental effects of the relative Gouy

phase slip on the contrast of attosecond-resolved measurements of atomic ionization

in the simultaneous presence of high-frequency (XUV) and low-frequency (IR) fields

will be discussed. It is demonstrated that the spatial selective imaging translates

to Gouy phase gating, which enhances the accuracy of phase-dependent pumpprobe

data. Finally, it is shown that using the Gouy phase gating technique, a weak

ionization asymmetry in a three-pulse experiment.

In the first set of measurements, the Gouy phase slip through its role in two-pulse

(IR + IR) ionization of Xe is characterized. The intensities of IR pulses (Beam 1 and

Beam 2) are chosen such that ionization happens only in the simultaneous presence

of the two fields, and the ionization yield at a point in the focal region depends on

the resultant local electric field. For a fixed time delay, as two overlapping IR pulses

transit through the interaction region, any variation of the relative phase (Gouy

phase slip) will result in variation of the ion yield along the propagation direction.
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Figure 2.4: (a) Two-dimensional ion images of the focal region for different time
(phase) delays between the two IR pulses. The peak of the ion signal moves in the z
direction(propagation direction) when the delay is changed, indicating a phase slip
along the focus. (b) Oscillations of Xe ion counts as a function of IR/IR delay for
two different sections at z = 10 mm and z = 10 mm are almost out of phase. (c)
Calibration of Gouy phase shift as a function of distance along the laser focus.

In particular, peak ion yield will occur wherever the two IR fields are in phase.

Figure 2.4(a) shows the spatially resolved ion images obtained for five different time

(phase) delays between the two IR pulses. We observe that the ion images exhibit

a peak, which shifts spatially (along the z direction) as the relative time delay is

changed. This is a clear indication of the relative phase slip between the two IR

pulses as they go through the focus.

If we spatially divide the ion image into narrow vertical sections corresponding

to specific z values and observe the ion yield in each section as a function of the

relative time delay between two fields, we expect to see oscillations at a laser cycle
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Figure 2.5: (a) He ion counts as a function of XUV/IR delay for sections z = 10 mm
and z = 0 mm, along with spatially integrated yield (over the entire focus). The
three integration regions in the focal region are indicated at the top. The period of
oscillations is half-IR-cycle. End section and center section of the focal region are
out of phase, leading to loss of contrast in the integrated data. (b) He ion yield in
the presence of XUV and two IR pulses, one of which is phase locked to the XUV
pulse. The period of oscillation is one IR cycle. Spatially discriminated data from
the end/center sections shows asymmetrical half-cycle peaks with a dip in between.
The asymmetry is washed out in the integrated data due to phase averaging.

period of 2.6 fs. Figure 2.4(b) illustrates this for the case of two vertical sections

at the ends of the interaction region (i.e., z = 10 mm and z = +10 mm). More

importantly, owing to the phase slip in the interaction region, the oscillations from

the two end sections are almost π out of phase.

We repeat the above measurement for many spatial sections of the focal region,

and from the observed phase differences between ion-yield oscillations in various

sections, we build a complete plot of Gouy phase slip along the propagation direction

[Fig. 2.4(c)]. Because the loosely focused IR pulse in Beam 1 (Rayleigh range ∼ 10

cm) has negligible phase shift in the interaction region, the phase slip in figure
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2.4(c) is almost entirely due to the Gouy phase shift of the annular Beam 2. We

also confirm this using XUV + IR data, as discussed later. However, to be exact,

the Gouy shift of Beam 1 can introduce a small error, which is significant only at the

extreme ends of the interaction region [error bars in Fig. 2.4(c)]. Thus, Fig. 2.4(c)

represents an in situ measurement of the Gouy phase slip of an annular beam. We

fit the measured phase slip to the expression, φ = arctan(z/zR), where multiplier

A characterizes the total effective Gouy phase shift of all high-order modes [18]

constituting the annular beam and zR is the Rayleigh range. We obtain a good fit

for A = 1.5 and zR = 7 mm, which is in agreement with the Rayleigh range of Beam

2. The fit value A = 1.5 implies that the total Gouy phase shift of the annular beam

is 1.5π, which larger than the π phase shift for purely Gaussian beams. In essence,

we obtain a calibrated phase meter that can now be employed for phase selective

and precision attosecond measurements.

In the second set of experiments, we perform the attosecond-resolved imaging

of two-color (XUV + IR) ionization of He in order to bring out the effects of Gouy

phase slip on attosecond measurements. The XUV (predominantly the 11th, 13th,

and 15th harmonics) obtained from a Xe filled capillary is sufficiently low in energy

so that there is negligible direct ionization of He. The simultaneous presence of

XUV and IR leads to ionization, and as the relative time delay is varied, the ion

yield oscillates with half-laser-cycle periodicity [Fig. 2.5(a)]. This process has been

the focus of many recent investigations [52, 25, 70, 69, 24] and experiments to study

this process will be discussed in detail in the following sections.

Figure 2.5(a) shows ion yield as a function of XUV/IR relative delay for two

vertical sections of the ion image, as well as the entire focal region. We observe that

the oscillations in the z = 10 mm section (after focus) are almost completely out

of phase with respect to the oscillations at z = 0 mm (center section). Unlike the

IR/IR case [Fig. 2.4(b)], where the oscillations from two end sections were out of

phase, the oscillations in the XUV + IR case go out of phase over half the distance.

As the XUV bursts occur at half-IR-cycle periodicity, a π/2 Gouy phase shift of the

IR pulse (Beam 2) relative to the attosecond XUV bursts (Beam 1) is sufficient to
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create an opposite physical situation. Furthermore, as seen from figure 2.4(c), Beam

2 undergoes ∼ π/2 phase slip between the z = 10 mm and z = 0 mm sections, thus

explaining the observed XUV + IR oscillation behavior in figure 2.5 (a). It should

be noted that, in the XUV + IR case, Gouy phase shift of XUV is unimportant,

because the IR field is practically constant over the short-wavelength XUV cycle.

Thus, the entire phase slip is strictly due to the Gouy phase shift of the IR pulse

(Beam 2), which provides additional confirmation of the phase calibration in figure

2.4(c).

If we compare the oscillation in a selected section to the oscillation in the spatially

integrated yield from the entire focal region, we observe that the modulation contrast

is much poorer in the integrated yield [Fig. 2.5(a)]. The loss of modulation contrast

is due to averaging over different relative phases. While this averaging negatively

affects most attosecond pumpprobe experiments to a certain degree, in some cases,

it can actually mask important effects. Our imaging technique provides a snapshot

of phase evolution in the entire focal region and allows us to implement spatial

selectivity to enhance signal contrast.

In the last set of measurements pertaining to the Gouy phase slip, we ionize He

with an XUV pulse and two IR pulses. One of the IR pulses, IRp, follows the usual

Beam 2 path, whereas the second weaker IR pulse, IRd, copropagates with and is

locked to the XUV APT in Beam 1. This arrangement offers a unique opportunity

for probing two-color ionization. Figure 2.5(b) shows the ion yield as a function of

delay between XUV + IRd (Beam 1) and IR (Beam 2). As before, we plot the ion

yields corresponding to two vertical sections (z = 10 mm and z = 0 mm), along

with the spatially integrated ion yield over the entire focus. We observe that the

oscillations occur with an overall periodicity of one IR cycle, but a small dip in the

middle of each cycle is clearly visible. The spatially discriminated sections show a

distinct asymmetry between half-cycle peaks on either side of this dip. This structure

was predicted recently [52] in time-dependent Schrodinger equation simulations;

however, it had not been observed experimentally. The splitting of one IR cycle

oscillation into asymmetric half-cycles can be attributed to interference between
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ionization pathways resulting from the 13th and 15th harmonics, in a manner akin

to double-slit interference. The asymmetric structures and their evolution with

time delay is dependent on XUV APT timing relative to the weaker IR field and

the dynamic behavior of atomic states in the presence of strong fields.

In the following sections, a discussion of experiments to study electron dynamics

in a strong-field modified helium atom using this technique of spatially selective

Gouy phase gating will be presented.

2.4 Exploring Dynamics in a Strong Field Modified Atom

We apply the APT and moderately strong IR pulse to study the strong field mod-

ified attosecond resolved ionization dynamics of Helium. The physics of two-color

XUV+IR ionization dynamics is very rich and multiple studies have recently ex-

plored different facets of this problem [66, 53, 24, 21, 22]. For example, the phase of

two-photon transition relative to a direct continuum transition has been measured

[66] as the detuning between the harmonic photon energy and the intermediate res-

onant state is varied. The XUV transparency in an IR laser modified atom has been

discussed [53]. Here, we investigate the dynamically changing ionization channels

and the quantum mechanical origin of the phases associated with these channels.

We obtain quantitative measurements of the interference phase manifested in the

ion-yield oscillations, both as a function of instantaneous IR intensity in real-time

and as a function of IR pulse peak intensity, and investigate its variation in terms

of the evolution of the laser-dressed atomic structure [60].

2.4.1 Floquet States and Quantum Interferences

As mentioned in section 2.1 strong femtosecond laser fields can significantly modify

atomic and molecular structure. The Floquet formalism [9] provides a convenient

framework to describe atomic and molecular dynamics in the presence of an oscillat-

ing electric field. The dynamics of an atom in a periodic external field are governed

by the following time-dependent Schrödinger equation (in atomic units)
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i
∂ψ(t)

∂t
= [H0 + V (t)]ψ(t) (2.1)

H0 is the field free atomic potential and V (t) is a periodic external potential. In the

Floquet formalism [9], the solution can be written in the form

ψα(t) = e−iεαt
n=+∞∑
n=−∞

e−inωtφα,n (2.2)

where εα is the complex quasi-energy, and its imaginary part is −Γ/2 with Γ the

width (or ionization rate) of the Floquet states, φα,n is the time-independent wave-

function for the nth Fourier component of the α Floquet state and ω is the frequency

of the external periodic field. Thus, in the presence of a laser field, electronic struc-

ture can be conveniently described by Floquet states, where each bound state is

associated with many one-photon (ω) spaced sidebands or Fourier components. As

an example, the Floquet manifold corresponding to the 2p atomic state is shown in

figure 2.6(a).

We will use the Floquet formalism to study quantum interferences in two-color

XUV + IR ionization of helium. Time-resolved pump-probe ionization measure-

ments, using APT consisting of sub-threshold harmonics and strong IR fields, by us

(Fig. 2.6(b)) and others [25, 52] show that He+ ion yield oscillates as a function of

time delay between XUV and IR with half-IR-cycle periodicity. This has been in-

terpreted as interference between wave packets generated by successive bursts in the

APT [25, 55, 24]. Using the Floquet formalism like we do here, can provide a more

detailed description of the interferences especially concerning the role of resonances

and can more easily be carried over to more complex systems like molecules.

If the XUV APT arrives at a time delay τ relative to the IR field, we can write

the XUV field as

Ex =

∫
f(ωx)e

−iωx(t+τ) dωx (2.3)

where f(ωx) represents the energy content of the XUV pulse (i.e. the high-harmonic

spectral amplitude). If the external field is strong enough to modify the excited and

continuum states, but weak enough not to perturb the ground state, the transition
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Figure 2.6: (a) Laser dressed Floquet manifold corresponding to the 2p state and
the two harmonics used in our experiment. The interference between two Fourier
paths separated by 2ω explains the observed half-cycle oscillations in the ionization
yield. (b) The He ionization yield measured using APT and IRp pulses as a function
of time delay between them. The intensity of IRp was ∼2 TWcm−2.

amplitude from the ground state to a Floquet state in the IR field can be written

as

Mg→α =

∫
〈ψα(t) |zEx|ψg(t)〉 dt (2.4)

Substituting for ψα(t) from equation 2.2 and Ex from equation 2.3 and implementing

integration, we obtain the transition probability as

Pα(τ) =

∣∣∣∣∣∑
n

〈φαn |z|φg〉 f(ωn)e−iωnτ

∣∣∣∣∣
2

(2.5)

where f(ωn) is the XUV field strength at the energy corresponding to the nth Fourier

component of the excited Floquet state, namely at energy ωn = Re(εα) + nω − εg.
In the case of only two harmonics causing atomic excitation, we have only two

non-zero matrix elements. For example, the 13th and 15th harmonics used in our

experiment cause transitions to n=0 and n=2 components of the 2p Floquet manifold

shown in Fig. 2.6(b). In such a case, the transition probability of equation 2.5 can



47

be simply expressed as

P (τ) =
∣∣M0f0 +M2f2e

−i(2ωτ+φ)∣∣2 (2.6)

where M0 and M2 are the two transition matrix elements and f0 and f2 are the

strengths of the two harmonics at the energies corresponding to the n = 0 and

n = 2 components of a given Floquet state. The matrix elements are real and can

either be positive or negative. The relative sign of matrix elements is included in

this expression through φ, which can take values 0 or π.

Equation 2.6 represents two excitation paths and the interference between these

two paths modulates the excitation probability with time delay at 2ω frequency

[68, 70, 69]. The ionization probability, which is proportional to the excitation

probability, thus also exhibits an oscillatory variation at 2ω or half-cycle periodicity

with time-delay. This explains the origin of ion and electron yield oscillations and

also provides an avenue to obtain quantitative information about the phases of

different ionization channels.

2.4.2 Intensity dependent ionization channels: Simulation

The two-color (XUV+IR) ionization channels are dynamically dependent on the

strength of the IR field acting on the atom (see Fig. 2.7). This intensity dependence

of ionization channels can be understood from figure 2.8, which plots photoabsorp-

tion cross sections of Helium atom as a function of XUV photon energy at four

laser intensities (figure 2.8 (a)). The 13th and 15th harmonics are also shown. The

photoabsorption cross section plots were calculated using the method described in

[69]. Figure 2.8 (b) shows XUV-IRp time delay dependent photoelectron energy dis-

tributions obtained by TDSE simulations for the same four intensities and harmonic

spectrum.

The structures visible in the green line in figure 2.8(a) are structures that develop

in the absorption cross section due to the presence of the IR field. In the presence of

even a moderately strong IR field, atomic states get shifted and broadened and new

structures develop. For example, as the intensity is increased, the 2p state which is
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Figure 2.7: (a) XUV spectrum and the relevant He states (b) Calculated XUV
photoabsorption cross-section (in atomic units) as a function of laser intensity.

located at 21.2 eV in the unperturbed atom, gets shifted towards lower energies and

develops into multiple peaks. Similarly, the 4p and 5p states get ponderomotively

shifted to higher energies and get broadened as the intensity is increased. Thus, from

figure 2.8(a) it is apparent that even under moderately intense laser fields (∼1012

Wcm−2), the discrete atomic resonances evolve into a complicated structure.

As a result of the intensity dependent modification of atomic structure, with

change of IR laser intensity, different ionization channels dominate the ionization

process at different intensities. At the highest intensity, the 2p structure is resonant

with the 13th harmonic and dominates photoabsorption. However, at the lowest

intensity, the 2p structure is non-resonant. In this case, the 4p and 5p structures

which are resonant with the 15th harmonic can dominate the photoabsorption.

Figure 2.8(b) shows that the photoelectron yields oscillate with XUV-IRp time

delay at the expected 2ω frequency. At each intensity, many Floquet ionization

channels are active and they exhibit different oscillation phase. At the highest in-

tensity, the Floquet channel mediated by the 2p resonance producing photoelectrons

with 0.69 eV energy is dominant. In terms of the multiphoton picture, this repre-
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Figure 2.8: (a) Calculated XUV photoabsorption cross-section in atomic units as
a function of photon energy at four IR intensities and the high-harmonic spectrum
showing the 13th and 15th harmonics. Field-free atomic states are shown as vertical
lines. (b) TDSE simulation results showing time-resolved photoelectron spectra for
the high harmonic spectrum used in our experiment at the four probe IR intensities.
The white line marks time-delay zero and helps in identifying the phase of the elec-
tron yield oscillations. The labels on the right identify the origin of photoelectrons
in terms of the intermediate atomic state.
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Figure 2.9: (a) Phase difference between matrix elements of transitions induced by
two harmonics of frequency ωx and ωx− 2ω as a function of ωx and IR intensity for
an IR wavelength of 785 nm. (b) The phase difference plot for an IR wavelength of
700 nm. The n = 0 and n = −2 Fourier components of the 4p and 5p Floquet states
are also shown. The slanted red line starting from 24.6 eV represents the ionization
threshold.
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Floquet state Phase

2p 0,2π
4p π
5p 0, 2π

Table 2.1: The phase difference φ between transition matrix elements to Fourier
components of Floquet states for the three cases relevant to our measurements.

sents three-photon ionization of the XUV excited 2p state. Thus, we label this as

the 2p+ 3ω channel. At the lowest intensity, we note that the 5p+ 1ω channel be-

comes dominant and the 2p+ 3ω channel is almost closed. The 4p+ 1ω channel also

provides substantial contribution to ionization at lower intensities. This switching

between dominant ionization channels agrees with the laser induced modification of

atomic structure in figure 2.8(a).

Importantly, the delay-dependent 2ω oscillations in figure 2.8(b) show that the

2p+3ω channel and the 5p+1ω channel exhibit a peak ionization at zero time delay,

whereas the 4p+ 1ω channel exhibits a minimum at zero time delay. This indicates

that the quantum phase difference between Fourier components, represented by φ

in equation 2.6 is different for different ionization channels. The value of φ for both

the 2p + 3ω channel and the 5p + 1ω channel is 0 (or 2π), whereas for the 4p + 1ω

channel (at 0.72 eV) it is π. The phases associated with different ionization channels

are summarized in table 2.1.

As mentioned above, the values of φ for the 4p and 5p Floquet channels are π

and 0 respectively. This difference is intriguing since the unperturbed 4p and 5p

states are close lying Rydberg states with similar properties. In order to gain more

insight into this difference in the values of φ for the 4p and 5p states, we perform

theoretical calculations of φ in XUV + IR photo-ionization at two IR wavelengths.

In this calculation, the XUV field is given by

E±x = cos(ωxt)± cos((ωx − 2ω)t) (2.7)

where ω is the frequency of the IR field. For this case, from equation (5), the
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probability of ionization is given by

P (τ)± =
∣∣Mx ±Mx−2e

−i(2ωτ+φ)∣∣2 (2.8)

Mx and Mx−2 are the matrix elements of transitions induced by the ωx and ωx− 2ω

photons respectively. Also, P (τ)+ is the ionization probability corresponding to E+
x

and P (τ)− is the ionization probability corresponding to E−x .

To obtain φ as a function of ωx and IR laser intensity, we define

S(ωx) =
P+ − P−
|P+ − P−| (2.9)

which takes values +1 or -1. P+ and P− are the ionization probabilities at zero

time-delay. Since the phase φ is 0 or π, we can extract φ by plotting (1− S)π/2 as

a function of ωx and IR intensity.

As mentioned earlier, the unperturbed 4p and 5p state wavefunctions are ex-

pected to have similar properties. At low intensities, the n = 0 Fourier components

of the 4p and 5p Floquet states also behave similarly. Hence, we make a hypoth-

esis that the difference in values of φ for the 4p and 5p Floquet states may arise

from a difference in the properties of the wavefunctions of their n = −2 compo-

nents. To test this hypothesis, we plot the phase φ obtained using the procedure

described above, at two different IR wavelengths - 785 nm and 700 nm. Changing

the wavelength of the IR field allows us to change the energy location of the n = −2

Fourier component while keeping the n = 0 component fixed, for a given Floquet

state. Figure 2.9 shows a plot of phase φ as a function of ωx and IR intensity for

the two IR wavelengths. It should be noted that in this figure, the phase at a given

ωx is the phase difference between excitation matrix elements (Mx and Mx−2) for

photon energies of ωx and ωx − 2ω. The location of the n = 0 and n = −2 Fourier

components of the 4p and 5p Floquet states at the lowest intensity of 1 TWcm−2

are also shown in figure 2.9. As the intensity is increased, due to the ponderomotive

effect, these Floquet states shift upwards in energy, parallel to the slanted red line

which represents the ionization threshold. By comparing figures 2.9(a) and 2.9(b) at

intensities of a few TWcm−2, it can be seen that the phase φ for the 5p Floquet state
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changes from zero at an IR wavelength of 785 nm to π at an IR wavelength of 700

nm. This indicates that the location of the n = −2 Fourier component and hence

the spatial properties of its wavefunction influence the value of the phase φ for the

5p Floquet state. Similarly, a difference in the values of φ for the 4p and 5p Floquet

states at an IR wavelength of 785 nm (Figs. 2.9 (a) and 2.9 (b)) could arise from

a difference in the spatial properties of the wavefunctions of their n = −2 Fourier

components which critically depends on their energy location. Further experiments

and simulations are necessary to obtain a better understanding of the nature of Flo-

quet state wavefunctions and shed more light on the origin of the phases discussed

here [62].

We now discuss our experimental measurements which serve to identify the dif-

ferent ionization channels and allow us to obtain the phases associated with these

channels. An IR wavelength of 785 nm has been used in these experiments.

2.4.3 Intensity dependent ionization channels: Experiment

Two-color ionization channels are identified by the dominant Floquet state medi-

ating the ionization. We identify the active Floquet channels using photoelectron

spectroscopy at various probe peak intensities. The observed photoelectron peaks in

figure 2.10 are associated with IR ionization of XUV excited 5p, 4p and 2p atomic

states. At low intensities, the ionization is mediated by the 5p Floquet state, and we

observe a strong peak corresponding to 5p+ 1ω ionization. This is expected as the

15th harmonic is initially resonant with the 5p state. As the intensity is increased,

the 4p + 1ω starts contributing as it comes into resonance at higher intensity. At

even higher intensities the 2p + 3ω channel dominates the ionization signal. This

observation is completely consistent with the simulated absorption cross section and

photoelectron plots of figure 2.8.

The angle-resolved photoelectron images in Fig. 2.10(c) show that as intensity is

increased towards 3.4 TW cm−2, side lobes corresponding to the ‘g-wave’ structure

appear in the innermost photoelectron ring corresponding to the 2p + 3ω channel.

This is another indication of the 3 IR-photon ionization of the XUV excited 2p state.
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Figure 2.10: (a) Experimental XUV+IRp photo-electron spectrum of He at different
IRp intensities. As the IR intensity is increased the 2p+3ω peak becomes dominant.
(b) Calculated photo-electron spectrum. (c) Experimental VMI of photo-electrons
at different IRp intensities.

Thus, the results from Fig. 2.10 confirm that the dominant two-color ionization

pathway changes from the 5p-mediated ionization at low intensities to 2p-mediated

ionization signal at higher intensities.

2.4.4 Phase measurement from the ion-yield oscillations

The ionization probability corresponding to each Floquet channel is described by

equation 2.6 with the equality sign replaced by proportionality. Hence, each ion-

ization channel should lead to 2ω oscillations in the yield and the phase φ in the

interference term of equation 2.6 will dictate the exact delay dependence of the ion-

ization signal. We extract this phase term for different ionization channels from the

total ion-yield both in real-time (as a function of IR instantaneous intensity) and

as a function of IR peak intensity and establish a quantitative relationship between

the strong-field variation of atomic structure and the phase of ion-yield oscillations.

The experimental measurement of the phase of ion-yield oscillations is often

complicated by interferometric drifts and experimental fluctuations. We find that a
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much more sensitive way to measure the phase of oscillations is by referencing it to

another signal. We generate this reference signal by creating an interference between

two IR pulses which results in an additional modulation in the ion-yield. One of the

IR pulses is the probe pulse IRp. The second pulse, IRd in figure 2.2, is obtained by

allowing the HHG-driving IR pulse to copropagate with the harmonics exiting the

waveguide. This driver IRd propagates to the interaction chamber, where it focuses

to an intensity of ∼ 1010 Wcm−2. The driver IR pulse (IRd) is phase locked to

the APT due to the mechanism of generation. Figure 2.11 (a) defines the relative

timing of the XUV and IR pulses used in our experiment and theoretical model.

The interference between two IR fields leads to a net IR intensity modulation at

ω frequency (Fig. 2.11 (b)). The phase of 2ω ionization signal can be robustly

measured relative to this 1ω modulation.

Before proceeding further, it is appropriate to revisit our Floquet interaction

model and include the effect of the driver IR field in the equations. For the configu-

ration shown in Fig. 2.11 (a) the probe IR field, driver IR field and the net IR field

respectively can be written as

Ep = Ap cos(ωt)

Ed = Ad cos(ωt+ ωτ)

Enet =
√
I(τ) cos(ωt+ δ(τ))

(2.10)

where

I(τ) = A2
p + A2

d + 2ApAd cos(ωτ) (2.11)

and

δ(τ) = arcsin(Ad sin(ωτ)/
√
I(τ))

The XUV field in this configuration becomes

Ex =

∫
f(ωx)e

−iωx(t+τ+δ0/ω) dωx
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Figure 2.11: (a) The timing relationship between the APT, driving IR field (IRd)
and probe IR field (IRp). The absolute timing of attosecond bursts δ0 is defined
relative to the peak of the driving field. (b) The net IR intensity variation at the
timing of XUV burst for the case of two IR pulses. The intensity modulation at ω
acts as a reference in our experiment.

where δ0/ω is the time at which the attosecond bursts are locked with respect to the

peak of IRd as they come out of the gas-filled waveguide. The δ0 term thus provides

the absolute timing of the attosecond pulses.

Proceeding as before, we can calculate the photoexcitation probability for the

case of two dominant harmonics (13th and 15th)and hence the ionization probability

is obtained as

P (τ) ∝
∣∣M0f0 +M2f2e

−i(2ωτ+2δ0−2δ(τ)+φ)
∣∣2 (2.12)

Note that the matrix elements depend on the net IR intensity (I(τ)), which mod-

ulates at a frequency of ω (Fig.2.11(b)). Hence we can write M2
0 ∝ I(τ)a and

M2
2 ∝ I(τ)b where a and b are real numbers. Using the approximation that

Ad/Ap << 1 and retaining the oscillatory first order terms, equation 2.12 can be
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written as

P (τ) = 2a
Ad
Ap

cos(ωτ) + 2R cos(2ωτ + 2δ0 + φ)

+R
Ad
Ap

(a+ b+ 2) cos(ωτ + 2δ0 + φ)

+R
Ad
Ap

(a+ b− 2) cos(3ωτ + 2δ0 + φ) (2.13)

where R ≈ (M2/M0) is the ratio of average or dc value of the two matrix elements.

f0 and f2 have been ignored. A derivation of this equation is given in appendix A.

From absorption cross section calculations [69], typically, R2 ≈ (M2/M0)
2 ≤ 10−3

for the intensity range used in our experiments. Using these numbers along with

Ad/Ap ≤ 0.1, it can be seen that the first two terms in equation 2.13 are the

dominant terms. The last two terms contain a product of R and Ad/Ap and are at

least an order of magnitude weaker. Ignoring the last two terms, equation 2.13 is

reduced to the following simplified expression for the probability of ionization

P (τ) = P1 cos(ωτ) + P2 cos(2ωτ + 2δ0 + φ) (2.14)

P1 and P2 are the amplitudes of the two frequencies in the signal. As before, the

relative sign of matrix elements is included in this expression through φ, which

can take values 0 or π. Next, we will obtain the value of φ for various Floquet

channels active in the two-color ionization process. The term δ0 is also of interest

as it provides the absolute timing of XUV bursts. It can be seen from equation 2.13

that the breakdown of the approximations used above would result in the occurence

of 3ω and higher frequencies in the ionization signal. As discussed below we observe

only 1ω and 2ω frequencies in our experimental ion-yield oscillations and thus it is

clear that equation 2.14 is valid in our experiment.

Figure 2.12(a) shows the experimental measurements of normalized He+ ion-yield

as a function of the time delay between APT+IRd and probe IRp at different probe

intensities. The experimental data shows distinct oscillation structure with one-

cycle (1ω) and half-cycle (2ω) variations. Figure 2.12(b) plots the Fourier transform
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Figure 2.12: (a) Normalized He+ ion-yield oscillations for XUV and 2IR pulses
(driver and probe) at different probe peak intensities. Note that the asymmetry
in the double peak oscillation structure is reversed between 1.4 TWcm−2 and 3.4
TWcm−2. Also shown are the fits of equation 2.14 to these signals. (b) The Fourier
transform amplitudes of the experimental signals shown in (a). Distinct 1ω and 2ω
peaks are visible in the Fourier transform. The amplitudes have been normalized to
the amplitude of the 1ω peak at each intensity.

amplitudes of the experimental data shown in figure 2.12(a) and serves to confirm

that only 1ω and 2ω frequencies are present in our ionization signal. The ionization

probability given by equation 2.14 also implies periodic variation at ω and 2ω fre-

quencies indicating that our model correctly captures the essence of the XUV+2IR

ionization process.

The 2ω oscillation component in figure 2.12 is due to quantum interference be-

tween Fourier components of Floquet states. The one-cycle variation is due to the

net IR intensity modulation at ω frequency. Thus, from figure 2.12, we obtain sensi-

tive measurements of the phase φ of ionization channels active at different intensities

using the 1ω modulation as a reference.

Importantly, the oscillatory structure in Fig. 2.12 at two probe intensities,
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Figure 2.13: The experimental values of the phase φ obtained from the fits of equa-
tion 2.14 to the data in figure 2.12(a) at four different IR intensities. The phases
obtained from TDSE simulations at similar intensities are also shown.The phase is
0 for the highest intensity where 2p Floquet state is dominant and changes towards
2π at lower intensities where 5p becomes dominant. The ionization yield in the
presence of XUV and IRp fields as a function of time delay at two different IRp

intensities (3.4 TWcm−2 and 1.5 TWcm−2) obtained from TDSE simulations are
shown as insets.

namely, 1.4 TW cm−2 and 3.4 TW cm−2 is very different. The asymmetric double-

peak structure at 1.4 TW cm−2 shows the left-peak to be higher, whereas, at 3.4

TW cm−2 the situation is reversed and the right-peak is higher. This difference in

oscillation structure is a direct manifestation of the change in phase relationship

between the 2ω and 1ω components. This change is attributed to the shift in the

value of φ as dominant ionization channels change with intensity.

We can use equation 2.14 to fit the ion-yield oscillations shown in figure 2.12(a)

and obtain the value of φ at each intensity. The solid lines in figure 2.12(a) show

the fits for four probe IR intensities 0.7 TW cm−2, 1.4 TW cm−2, 2.3 TW cm−2
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and 3.4 TW cm−2. From the fits we obtain φ + 2δ0 values at each intensity. The

phase 2δ0 represents a constant offset due to the non-zero timing of attosecond

bursts relative to the driver IR field (Fig. 2.11(a)). We can use information from

simulations to remove this constant offset and extract the dependence of phase φ

on intensity. Referring back to figure 2.8, we notice that at the highest intensity

of 3.4 TW cm−2, the 2p Floquet channel strongly dominates the ionization and

corresponds to phase φ=0 between interfering ionization paths of two harmonics

(Table 2.1). Hence, the value of φ + 2δ0 obtained from the fit to the 3.4 TW cm−2

data is basically just a measure of the offset 2δ0. The experimental fit to the 3.4

TW cm−2 data in figure 2.12(a) thus provides 2δ0 = −2.4 radian. We subtract this

value from the φ+ 2δ0 values at all intensities and plot φ as a function of intensity

in figure 2.13. The phases obtained from TDSE simulations at intensities similar to

the experimental intensities are also shown. Ion yield oscillations in the presence of

XUV and IRp pulses as a function of time delay for two IRp intensities (3.4 TWcm−2

and 1.5 TWcm−2) obtained from the TDSE calculations are shown as insets. The

experimentally extracted phases in figure 2.13 agree well with the phases predicted

by simulations. The considerable deviation of the experimental phase value at the

lowest intensity of 0.7 TWcm−2 from the theoretically expected value of 2π can be

attributed to errors in phase extraction arising due to the weak 2ω signal in the

experimental ion yield oscillations (figure 2.12(b), red curve).

The phase extraction above was performed for data taken at different peak in-

tensities. Our main goal in this experiment is to trace the strong field modification

of the helium atom and measure the variation of phase φ in real-time. Figure 2.14(a)

plots the phase φ as a function of time-delay (solid line). In this plot a constant

phase offset corresponding to the APT timing δ0 has been removed by comparing

our measurements with TDSE simulations described below. Assuming a Gaussian

profile, we calibrate the time-delay axis such that each delay value corresponds to

a specific instantaneous intensity (top-axis of Fig. 2.14(a)). The right and left in-

sets in figure 2.14(a) show independent measurements of ion-yield oscillation at 3.4

TWcm−2 and 1.4 TWcm−2 peak intensities respectively. The blue squares represent
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Figure 2.14: The red curve shows the phase of the 2ω component of ion-yield os-
cillations with time delay for probe intensity of 3.4 TWcm−2. The blue squares
represent independent phase measurements conducted at different peak intensities.
Insets show the experimental ion-yield oscillations near zero time delay for two rep-
resentative peak intensity values. The difference in oscillation structure provides
independent verification of the phase change.

the phase values for different peak intensities which is same as those shown in figure

2.13. It is seen that the variation of phase as a function of time-delay is consistent

with the variation as a function of peak intensity which shows the robustness of our

measurements.

The extraction of the phase of the 2ω component of ion-yield oscillations rel-

ative to the 1ω component is performed using a Fourier-transform based method

[67]. The ion signal is first Fourier transformed to the frequency domain and a

rectangular window function is applied around the 2ω peak. This windowed peak is

then translated to the zero frequency position and the array is then inverse-Fourier

transformed back to the time-delay domain. The phase of the complex number ar-

ray obtained gives the time-delay dependent phase of the 2ω signal. This procedure

is repeated for the 1ω peak and the phase of the 1ω signal is used as a reference to

obtain the phase of the 2ω signal free of interferometric drifts and fluctuations.

The variation of phase in figures 2.13 and 2.14 can now be related to the in-

terference term for different ionization channels. At high intensity (3.4 TW cm−2),
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the 2p resonance mediated ionization channel is dominant and the oscillation of this

channel has zero phase. In this case the quantum phase φ between the M0 and M2

transition matrix elements in equation 2.6 (or 2.12) is zero. In other words, 13th

and 15th harmonic induced transitions to the Floquet components associated with

2p excitation are ‘in-phase’ (Fig. 2.6(b)). As intensity decreases, the 4p channel

starts contributing substantially. The oscillations in this channel are out of phase

with the 2p contribution. In terms of the Floquet transitions, the 13th and 15th

harmonic transition matrix elements to the components of 4p Floquet state have

opposite signs. At very low intensity, the 5p ionization starts dominating and oscil-

lates with the same phase as 2p (i.e. 0 or 2π). In our experiment (Fig. 2.13), as the

intensity decreases, we observe a change in phase of ion-yield oscillation, going from

zero when 2p is dominant, through π where 4p contributes substantially, and even-

tually towards 2π where 5p dominates. Thus we have made a real-time observation

of the dynamic switching between ionization channels as the IR laser pulse travels

through the atom and we have measured the accompanying variation in quantum

phase of interferences between different Floquet state components.

2.4.5 Quantum Interferences in Orthogonally Polarized XUV and IR Fields

So far we have discussed experiments in helium using XUV and IR fields with parallel

polarization. Here we briefly discuss experiments with orthogonally polarized fields.

Instead of measuring ion yields like in the previous experiments, we resort to angle

resolved measurements of photo-electrons. The experimental setup is the same as

shown in figure 2.2 except that in this case we block the driver IRd using an Al

filter and only use the probe IRp. As mentioned in section 2.2.3, the VMI setup

creates a “pancake” of the three-dimensional photo-electron distribution onto the

detector. Figure 2.15 shows the configuration of the orthogonally polarized XUV

and IR laser pulses and the co-ordinate system used in this experiment. The VMI

setup integrates the photoelectrons along the x-direction and gives a distribution

in the y-z plane. Since the IR polarization (x-axis) is not along the direction of

the XUV polarization (z-axis), the distribution of photoelectrons produced in the



63

Figure 2.15: The configuration of orthogonally polarized XUV and IR pulses along
with the co-ordinate system used in the experiment. The VMI setup integrates the
photoelectrons along the x-axis and provides a distribution in the y-z plane.

XUV+IR process no longer posesses azimuthal symmetry (about the z-axis) and

hence the VMI reconstruction procedures cannot be used in this case.

We ionize helium in the simultaneous presence of XUV and IR fields and measure

“pancaked” photoelectron angular distributions in the y-z plane as a function of

time-delay between XUV and IR. The XUV spectrum used in this experiment is

the same as was used earlier. The photoelectron angular distribution is shown in

figure 2.16(a). The vertical axis is the z-momentum, pz, of the electrons according

to our co-ordinate system. The horizontal axis is py. Atomic units are used in the

plot. We observe two rings in the momentum range of 0-0.35 a.u which corresponds

to an energy of 0-1.66 eV. These rings correspond to photoelectrons arising from

XUV+IR ionization of states excited by the 13th and 15th harmonic in helium which

will be described in more detail below. The photoelectron ring arising from direct

ionization of the ground state by the weak 17th harmonic in the XUV spectrum is

not shown in this plot. Figure 2.16(b) shows the yield corresponding to the two

rings as a function of time delay between the XUV and IR fields. The yields from

the two rings oscillate as a function of time-delay at a frequency of 2ωIR or 0.5 IR
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Figure 2.16: (a) Experimental photoelectron distributions in the y-z plane which
shows two rings labelled 1 and 2. (b) Photo-electron yield in rings 1 and 2 in (a)
as a function of XUV-IR time-delay. The yield from the two rings oscillate at a
frequency of 2ωIR and are exactly out-of-phase with each other.

optical cycles (o.c) and they are exactly out-of-phase.

In order to understand the origin of these π out-of-phase oscillations in the two

rings in figure 2.16, we perform time-dependent Schrödinger equation simulations.

These simulations provide us with the photo-electron angular distributions arising

from this XUV+IR process, in the x-z plane which cannot be obtained from our

experiment. Figure 2.17 shows the simulated photo-electron distributions in the x-z

plane for two different time delays, -1.0 o.c and 0.76 o.c. From these plots it is seen

that the photo-electron ring with radius ∼ 0.25 a.u undergoes an angular variation

in yield as a function of time-delay. When this distribution is “pancaked” along

the x-direction, the components of the ring marked 1 and 2 show up as rings 1 and

2 in our experimental data in figure 2.16(a). Figure 2.18 shows a comparison of

experimental data and simulation data. A very good agreement is seen between the

experimental and simulation pancakes. Here, the 13th harmonic excites 2p (n = 0)

Floquet component in helium and the 15th harmonic is resonant mainly with 5p

(n = 0) component though there are small contributions from 4p (n = 0) and 6p

(n = 0). From here onwards, the fourier index for the n = 0 fourier components will

be ommitted. Also, excitations to n = 2 and n = −2 Floquet fourier components will

occur as discussed earlier. However, in this discussion we will focus on the angular
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Figure 2.17: Simulated photo-electron angular distributions in the x-z plane at two
different XUV-IR time-delays, -1 o.c and -0.76 o.c. Angular variation is observed
in the photo-electron ring with momentum near 0.25 a.u and this variation has a
period of 0.5 o.c or 2ωIR frequency.

momentum character of the excited states and the final photo-electron distribution.

Since the n = 2 and n = −2 fourier components have the same angular momentum

character as n = 0 components, we will only consider the n = 0 components for the

sake of simplifying the discussion.

From the simulations, we identify that the variation in angular distribution in

figure 2.17 is mainly due to an interference of a g-wave (l = 4) with m = 1 and a

d-wave (l = 2) with m = 1, where l and m are the angular momentum and magnetic

quantum numbers respectively. Here, the value of m is non-zero because the IR field

is orthogonally polarized and absorption of each IR photon will change m by ±1.

Thus, quantum interference between partial waves with non-zero m values allow us

to control the angular distribution of photoelectrons on an attosecond time-scale.

Further work is needed in using these observations to understand the effect of the

strong field laser polarization on the structure of the atom. The effect of strong

field on the polarization of electron clouds in atoms and molecules is of significant

interest in attosecond science [5] and observations like these can provide insight into

understanding these polarization effects.
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Figure 2.18: A comparison of experimental (a) and simulated (b) photo-electron
pancakes in the y-z plane. A very good agreement is seen between the experimental
and simulated data. The reduction in counts in (a) along the pz axis in the outer
ring is due to detector damage.

2.5 Measurement of the Absolute Timing of Attosecond Bursts

Due to the importance of attosecond sources in cutting-edge investigations of atomic

and molecular processes, it is very important to have robust methods for character-

izing the spectral and temporal nature of these sources [50, 23, 72]. The spectral

content of attosecond bursts is often fairly easy to obtain, but the measurement of

temporal structure is non-trivial and requires precision, pump-probe measurements

of electron spectra. For temporal characterization of single attosecond pulses, streak-

ing methods have been used [23]. In the case of attosecond pulse trains, XUV pulse

auto-correlation [72] and the RABBITT techniques [50, 48] have been utilized. In

the RABBITT approach, attosecond XUV bursts are converted to continuum elec-

tron wave packets through ionization of atoms in the presence of moderate strength

visible/near-infrared(IR) laser fields. The interference between two-photon contin-

uum transitions modulates the electronic yield at a specific phase. Knowing this

phase as a function of energy allows characterization of the temporal profile of

attosecond bursts [50]. In such measurements, the absolute timing of attosecond

pulses relative to the driving field is not directly accessible. However, variations of

the RABBITT method can be used to obtain the timing information [13, 4]. Here,
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Figure 2.19: (a) The configuration of the APT, IRd and IRp used in the experiment.
The APT is inherently phase-locked to the driver IRd at a phase δ0 which we are
interested in measuring. Our sign conventions are such that time delay τ is positive
when IRd arrives earlier in time and δ0 is positive when the attosecond bursts are
located earlier than the peak of IRd cycle. (b) The XUV spectrum used in the
experiment and the relevant He atomic states.

we demonstrate another straightforward method that provides the absolute timing

of attosecond bursts directly from ion-yield measurements in XUV+IR photoion-

ization of Helium [61]. One major simplification in our method is that it is purely

based on ion-counting and there is no requirement of energy-resolved measurements

of electrons.

The basic experimental method and theoretical modeling is the same as discussed

in section 2.4. Figure 2.19 shows the configuration of laser pulses and the high

harmonic spectrum again for completeness. Equation 2.14 describes the probability

of ionization in the presence of XUV and two-IR fields when a single dominant

Floquet channel mediates the ionization process. In equation 2.14, P1(τ) and P2(τ)
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are the time-delay dependent amplitudes of the two frequencies in the signal. The

phase term δ0 is the phase at which the attosecond bursts are locked with respect

to the driver field IRd and is the quantity that we are interested in measuring.

As discussed in section 2.4, the 13th and 15th harmonics in our case predomi-

nantly excite 2p, 4p and 5p states. However, the photo-absorption cross section of

these states is strongly dependent on the IR field strength. The modification of the

atomic structure in the presence of a strong field is discussed in [69]. Figure 2.20(a)

shows the calculated ionization probability for 2p, 4p and 5p states as a function

of IR laser intensity. To obtain this plot, we performed TDSE simulations using

a method discussed in reference [70]. We identified the contribution of 2p, 4p, 5p

states to the total ionization yield by artificially removing these resonances from the

calculation. From the plot, we can see that above an intensity of ∼ 3×1012 W/cm2,

the ionization from the 2p state is the dominant contribution to the total ioniza-

tion. Figure 2.20(b) is a schematic of the evolution of the different Floquet blocks

with IR intensity which illustrates how the 2p state comes into resonance at higher

intensities. Since it has more than an order of magnitude higher absorption cross

section compared to the 4p and 5p states, the 2p state dominates the absorption

and hence the ionization process.

Figure 2.21 shows the ion yield oscillations at an intensity of 3.4× 1012 W/cm2

at which the 2p state clearly dominates. Since a single Floquet state path corre-

sponding to the atomic 2p state dominates the ionization yield, we can obtain the

phase term in equation 2.14 from the experimental data. Fourier transforming the

experimental data in figure 2.21, we extract the P1 and P2 amplitude terms. This

leaves only the quantity φ + 2δ0, which we obtain by fitting equation 2.14 to the

data in figure 2.21. The value φ + 2δ0 = −2.4 radians yields a very good fit to the

data.

As mentioned earlier, φ represents the sign of matrix elements and it can take

values of 0 or π. Apart from this discrete phase/sign ambiguity of 0 or π, we can

obtain the quantity δ0 which relates to the absolute timing of the attosecond pulse

train. The 0 or π phase ambiguity can be easily removed using either of the two
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Figure 2.20: (a) Calculated ionization probability from the XUV excited 2p,4p
and 5p states as a function of IR intensity. The 2p mediated ionization pathway
dominates at high intensity and hence determines the phase of 2ω oscillations. (b)
A schematic of the evolution of the 2p,4p and 5p Floquet blocks with IR intensity.
Thicker lines represent higher absorption cross section. The horizontal blue boxes
represent the harmonics. The vertical rectangle indicates the IR intensity regime
used in our experiment

methods discussed below.

One method to establish whether φ = 0 or φ = π is appropriate for the 2p

Floquet state under consideration is to use TDSE simulations. These simulations

establish that the phase φ in this situation is zero [70]. The other method to establish

the value of φ is based on the fact that only one of these options leads to a physically

justifiable answer for the time-of-birth of attosecond bursts. Using the possibility

φ = π, we can fit equation 2.14 to the data and obtain δ0 as 0.37 radian. This

corresponds to XUV burst occurring 150 attosecond before the peak of the IR field,

which implies a 15th harmonic short trajectory return phase of 160 degree relative

to the negative peak of the IR field. A simple calculation of classical trajectories for

harmonic emission [11] easily rules out this result as too short of a return time for
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Figure 2.21: Experimental He+ ion yield in the presence of XUV and two IR fields
as a function of time-delay between the APT+IRd and IRp. The fit obtained using
a model for Floquet interferences in XUV+2IR fields described by equation (5) is
also shown.

the harmonics under consideration.

Using the second option, i.e. φ = 0 we obtain a value of δ0 = −1.2 radians

which corresponds to an APT time-of-birth of 500 attoseconds after the peak of

the driver electric field. This burst timing corresponds to the 15th harmonic short

trajectory return at 250 degree phase relative to the negative peak of the IR field.

As shown in figure 2.22, this agrees well with the single atom prediction for timing of

near-cut off harmonics in Xe gas being driven at 6×1013 Wcm−2. Furthermore, our

measurement of the XUV burst timing relative to the IR field is also in qualitative

agreement with the experimental results reported in reference [4].

From the above discussion it is clear that in APT+IR pump probe experiments,

interferences between XUV transitions are determined both by the phases of light

fields and quantum phases of transitions to laser dressed resonances. The dynamics
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Figure 2.22: Classical short trajectories of the electron for the 13th and 15th har-
monic generation in Xe at a laser intensity of 6× 1013 Wcm−2. The electron excur-
sion and electric field amplitudes are x0=5.44 a.u. and E0=0.18 a.u. Note that the
phases are measured from the negative peak of the IR field. The recollision phase
for 15th harmonic is thus 250 degrees. The timing of XUV burst corresponding to
our harmonics is 500 attosecond relative to the positive peak of IR field.

under these conditions cannot be fully captured by a classical cross-correlation be-

tween light fields. However, the Floquet formalism provides a convenient approach

for modeling excitation to laser dressed resonances. Though we have used an XUV

spectrum with only two dominant harmonics in our experiment, this technique of

extracting the timing can be applied to more general APTs consisting of many har-

monics. In cases where harmonics beyond the 15th harmonic are present, the direct

transitions to the continuum will increase the DC level of the ionization signal. Even

if the background ionization level increases by an order of magnitude, by appropriate

Fourier filtering, it should be possible to extract the few percent oscillations in the

ionization signal and hence the timing information can be extracted. In the case of
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isolated attosecond pulses, the broad, continuous spectrum of such pulses can create

a complicated mixture of different Floquet states which can make the measurement

and analysis quite difficult. Hence, an important limitation of our technique is that

it may not be applicable for isolated attosecond pulses.
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CHAPTER 3

FIELD FREE EVOLUTION OF ATTOSECOND ELECTRON WAVE-PACKET

DYNAMICS

In this chapter, experiments to study the field-free evolution of attosecond electron

wave-packet dynamics in helium will be discussed. We use XUV and a single IR

pulse (IRp) which are polarized along the same direction in these experiments. The

velocity map imaging (VMI) scheme is employed to measure photoelectron angular

distributions as a function of XUV-IR time delay on 100’s of femtosecond time-scales

with attosecond resolution. We observe interesting features in the experimental data

which is compared to time-dependent Schrödinger equation simulations.

3.1 Radial Wave-Packets

Wave-packets form a connection between quantum mechanics and the classical con-

cept of an electron orbiting arund the nucleus. Wave-packets have been studied

extensively by both theorists and experimentalists over the past several decades

[2, 49, 74]. Most of these studies have focused on high-lying Rydberg wave-packets

which have dynamics on picosecond time-scales mainly because of the lack short

laser pulses with enough bandwidth required to create and detect a superposition

of many low lying states. With the availability of attosecond pulse trains and single

isolated attosecond pulses which contain bandwidth of more than a hundred electron

volts, it is now possible to excite low lying wave-packets and study their dynamics

on attosecond time-scales [7, 46]. Here, we use high harmonics in attosecond pulse

trains to excite a radial wave-packet of 2p, 6p, 7p, 8p .. states in helium and study

its dynamics on a time-scale of hundreds of femtoseconds with attosecond resolution.
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Figure 3.1: (a) The configuration of XUV and IR pulses used in this experiment.
Time delay τ is positive when the IR pulse arrives at the target after the XUV pulse.
(b) A schematic of the relevant helium energy levels and the high harmonics used
in the experiment

3.2 Results and Discussion

We use XUV and a single IR pulse (IRp) to photoionize helium atoms and measure

photoelectron angular distributions as a function of XUV-IR time delay. The exper-

imental setup is the same as shown in figure 2.2 except that in this case the probe

IR (IRp) is 45 fs in duration (full-width half max). Figure 3.1(a) shows the con-

figuration of the laser pulses used here. The XUV spectrum shown in figure 3.1(b)

creates excited states in a helium atom. Unlike the experiment discussed in chapter

2 this excitation happens in the absence of strong fields and forms a wave-packet

which can be written as (in atomic units)

ψ(r, t) =
∑
n

ψnl(r)e
−iEnlt (3.1)

where l = 1 corresponding to ’p’ states and from the energies of the harmonics, we

know that the sum is over n = 2, 5, 6, 7, 8, 9... As discussed later, experimentally we

observe beating between 2p, 7p, 8p and 9p states. The IR pulse with an intensity

of ∼ 5 × 1012 W cm−2 is used to ionize this wave-packet and the photoelectrons

produced are imaged using the VMI setup. The XUV-IR time delay is varied from
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Figure 3.2: Experimental photoelectron spectrogram spanning a time-delay range
of -50 fs to 880 fs with 65 attosecond resolution. The experimental data has been
fourier band-pass filtered to remove noise and the DC value of the yield. Slow beats
with a period of ∼ 65 fs is seen.

-50 fs to 880 fs in 65 attosecond steps. The photo-electron data is processed by

measuring the electron yield in a narrow window along the XUV and IR polarization

direction and this yield is plotted as a function of electron energy and time delay

which is called the photo-electron spectrogram. We observe periodic oscillation in

the electron yield as a function of time-delay. Figure 3.2 shows the experimental

photo-electron spectrogram which has been fourier band-pass filtered to remove noise

and the DC value of the electron yield. Positive time delay implies IR arrives at

the target after the XUV pulse. The band-pass window is carefully selected around

prominent peaks in the fourier transform spectrum of the data. Since the data in

figure 3.2 is for a time-delay scan of ∼ 1 ps, the features and variations on attosecond

time-scales are not visible. However, we see clear beats which occur with a period

of ∼ 65 fs. Though this plot shows a scan of a time-delay range that includes the

temporal overlap region between the XUV and IR pulses, in the following we focus

only on the dynamics in the non-overlap region since we are interested in field free

wave-packet dynamics.

Figure 3.3 the same experimental data as in figure 3.2 but zoomed in to show

fine features in the range of 50 fs to 120 fs. First, we see fast oscillations in the

electron yield as a function of time delay and these oscillations occur with a period

of ∼ 1.3 fs which is half an IR optical cycle (2ωIR frequency), similar to what was
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Figure 3.3: A zoom-in of the experimental photo-electron spectrogram shown in
figure 3.2 in the range 50 fs to 120 fs. Fast oscillations with a period of ∼ 1.3 fs or
2ωIR frequency is seen. Oscillations at different photo-electron energies have slightly
different frequencies leading to in-phase and out-of-phase regions as indicated. The
energy locations of the photo-electrons arising from IR ionization of different XUV
excited states are also shown.

observed in experiments discussed in section 2.4. More interestingly, we see that the

oscillatory behavior is not the same at all photoelectron energies. There appears

to be a slight variation in oscillation frequency at different energies between 1.1 eV

and 1.5 eV. This results in these oscillations going out-of-phase and coming into

phase as indicated in figure 3.3. Also shown in figure 3.3 are the expected locations

in energy of photo-electrons arising from IR induced ionization of XUV excited 2p,

6p, 7p and 8p states.

In order understand the origin of these oscillations we fourier transform the

data shown in figure 3.2. The fourier transform plot is shown in figure 3.4(a). In

the figure we see that there are two dominant peaks which occur at an oscillation

frequency of 3.08 eV and 3.14 eV. An oscillation frequency of 3.16 eV corresponds

to 2ωIR frequency or half IR optical cycle period. The peak at 3.08 eV is consistent

with a beat occuring due to the interference of photoelectrons from three IR photon

ionization of 2p state and one IR photon ionization of 7p state. The peak at 3.14

eV is consistent with interference of 2p+3ωIR and 8p+1ωIR. The locations of these

peaks in energy is also consistent with the energy locations of the 2p, 7p and 8p
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Figure 3.4: (a) Fourier transform of the experimental photo-electron spectrogram.
Peaks corresponding to interference of photo-electrons arising from the 2p, 7p states
and 2p, 8p states are shown. (b) Same plot as (a) but with a fast gradient in color
scale. A minimum is clearly seen in the 2p-7p interference peak near 1.23 eV photo-
electron energy.

states. The peaks very close to the 2p-7p and the 2p-8p peaks are fourier transform

artifacts, though the peak near 3.18 eV may arise from 2p-9p interference. Since

2p-7p and 2p-8p interferences have a dominant contribution, we see a slow beat of

∼ 65 fs mentioned earlier corresponding to the energy gap between 7p and 8p states.

The time-scale of 65 fs agrees well with the energy difference between 7p and 8p.

On closer examination of figure 3.4(a) we observe that the intensity of the 2p-7p

peak drops to a minimum near 1.23 eV and increases again. This can be seen more

clearly in figure 3.4(b) which is the same plot as figure 3.4(a) except that there

is a fast gradient in color-scale. To verify that these features are real and not an
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Figure 3.5: A comparison of experimental and simulated photo-electron spectrogram
in the time-delay range 50 fs to 120 fs.

experimental artifact, we perform time-dependent Schrödinger equation simulations.

Figure 3.5 shows a comparison plot between the experimental and simulated

photo-electron spectrogram. There is fairly good agreement between the simulation

and experimental data. In figure 3.6(a) we plot a fourier transform of the simulated

spectrogram. We clearly observe peaks corresponding to 2p-7p and 2p-8p beats.

We observe a minimum in the 2p-7p peak at around 1.25 eV in this simulation

which confirms that our observation of this minimum in the experiment is real and

not an artifact. In figure 3.6(b) we show line-outs of figure 3.6(a) taken at the

frequency of the 2p-7p and 2p-8p peaks along with the corresponding line-outs of

the experimental data. A minimum is also seen in the 2p-8p peak. The locations

of the experimental and simulation minima differ by ∼ 50 meV but the main peaks

agree better than the minima.
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Figure 3.6: (a) Fourier transform of the simulated photo-electron spectrogram.
Peaks corresponding to 2p-7p and 2p-8p interferences are seen. A peak due to
2p-6p interference is also seen which is not observed in the experiment (figure 3.4).
(b) Line-outs of the fourier transform of experimental and simulated photoelectron
spectrograms taken at the 2p-7p and 2p-8p interference peaks. A minimum is seen in
the 2p-7p and 2p-8p interference peaks both in the experimental and simulated data.
The energy location of the minima in experiment differ from those in simulation by
∼ 50 meV though the main peaks agree well.
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The minimum that we have observed is similar to a minimum in photoionization

matrix elements that have been theoretically predicted and experimentally observed,

called the Cooper minimum [10]. A Cooper minimum occurs when the radial overlap

integral between the initial state wavefunction and the final continuum state wave-

function vanishes even when angular momentum selection rules are obeyed. This

minimum occurs purely due to the radial nature of the initial and continuum state

wave-functions. In our case, we have observed a minimum in the interference of

2p-7p and 2p-8p. The interference term of the ionization probability in this case is

given by (in atomic units)

Iint(ε) = M2p,IR(ε)Mmp,IR(ε)cos(ωmp−2pτ + φmp,2p) (3.2)

where M2p,IR(ε) and Mmp,IR(ε) are the 3-photon and 1-photon matrix elements for

ionization from the 2p state and the mp state (m = 7, 8) as a function of continuum

state energy ε. ωmp−2p is the energy difference between the 2p and mp states, τ

is the time-delay between the XUV and IR pulses and φmp,2p is the phase. The

minimum observed in ionization proability at the frequency of 2p-7p and 2p-8p

interferences can occur due to a minimum in either M2p,IR(ε) or Mmp,IR(ε) or due to

the product of the two matrix elements. Exact numerical calculations of ionization

probabilities from 2p, 7p and 8p states will allow us to understand the origin of

these minima. It is important to mention here that the minimum in the 2p-7p peak

occurs exactly at the energy gap between the 6p and 7p states. The interference of

2p with 7p allows us to clearly isolate this minimum in ionization matrix element

from the energy gap between 6p and 7p. By comparing our experimental data with

numerical calculations it may be possible to obtain information about the structure

of the excited state wave-packet.

Studying Cooper minima is of fundamental interest in atomic and molecular

physics and at the same time quite important since it has consequences, for example,

in high harmonic generation. In our experiment, we are not ionizing a single state

but a superposition of states or a wave-packet which has dynamics on attosecond

time-scales. Observation of a Cooper-like minimum in situations like these can
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provide valuable insight into the structure of excited wavepackets especially in multi-

electron atoms and molecules.
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CHAPTER 4

CONCLUSIONS

Attosecond science is in its infancy. It is perhaps one of the most active areas of

research currently in the field of Atomic, Molecular and Optical Physics and interest

is growing with new results being produced at a very high rate both theoretically and

experimentally. The work done as part of this dissertation is a small yet significant

step to develop new techniques in attosecond science and gain deeper insight into

the inner workings of atoms and molecules at the electronic level on attosecond

time-scales.

First, we discussed our measurements on the effects of Gouy phase slip on at-

tosecond experiments. We have performed accurate characterization of the Gouy

phase slip in the focal volume and measured its effect on the attosecond XUV + IR

ionization processes. Our results show that this phase slip can lead to substantial

loss of accuracy in attosecond experiments and can wash out signatures of inter-

esting quantum processes. We employed spatially selective phase gating to obtain

higher signal contrast in a two-color XUV + IR ionization process and to unmask

a weak ionization asymmetry in three-pulse ionization. The approach outlined here

will serve to open doors for observation of new electron dynamics in pump-probe

experiments.

Next, we described experiments to study the dynamic behavior of a strong field

modified helium atom in real-time on attosecond time-scales. We used the Floquet

theory to model these dynamics and measured the variation of quantum phase of

interferences between different components of Floquet states as the IR intensity

is varied and as different ionization channels dominate. Our work represents a

direct measurement of the quantum phases associated with XUV+IR ionization

channels, which are not known a priori . These observations are general and should

be valid whenever XUV excitation occurs in a strong field. Floquet theory based
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non-perturbative model gives crucial insight into these seemingly complex processes

and explains the mechanisms underlying quantum interferences in ionization. The

measurement of switching between ionization paths and the accompanying quantum

phases provides a framework on which we can build methods to control excitation

and ionization dynamics in the presence of strong fields. For example, a strong field

with appropriate intensity and timing can be used to control the interfering matrix

elements and hence the yield and spectral content of photoelectrons emitted from

an atom, molecule or a surface. A recent paper [53] on XUV transparency in the

presence of strong fields validates some of these ideas.

While our work only explores the role of quantum interferences and strong fields

in atomic ionization, molecular excited states present a richer and more complex

system. We expect the quantum interferences between Floquet transitions to play

an important role in the control of molecular excitation and dissociation dynamics.

For example, recent work [26] in H2 invoked XUV+IR multipath interferences for

control of the dissociation process. The knowledge of transient atomic and molec-

ular structure and the quantum phases of interfering pathways is thus crucial to

understand the dynamics and to devise new control strategies in attoscience, where

XUV and strong fields are now being routinely used to study the behavior of matter

on electronic timescales.

We briefly explored quantum interferences between different ionization paths

in XUV+IR ionization of helium when the XUV and IR fields have orthogonal

polarization. We observed variation in angular distribution of photoelectrons as a

function of time-delay between XUV and IR fields. These observations may help

understand the effect of strong fields on polarization of electron clouds in atoms and

molecules which is important for attosecond science.

We then described a new technique to measure the time-of-birth of attosecond

pulses using XUV-IR photo-ionization in helium as a probe. The ion-yield signal,

as a function of time delay, directly provides the absolute timing of the attosec-

ond bursts when a single Floquet state dominates the ionization. The experimental

knowledge of attosecond burst timing can be useful in many experiments of current



84

interest where the result of an XUV-IR induced process critically depends on the

absolute timing between the two fields. For example, it can be useful in obtain-

ing deeper insight into processes like control of electron localization in molecular

dissociation where the phase of the IR field at the time of excitation by the XUV

field sets the initial conditions. In experiments which use high-harmonic genera-

tion to probe molecular structure and dynamics, the time of birth of attosecond

bursts can help data analysis and interpretation by providing additional experimen-

tal constraints. In general, photo-excitation or photo-ionization with XUV pulse

trains in the presence of strong laser fields involves multipath interferences whose

result is determined by the quantum phase difference between paths as well as the

absolute time delay between the XUV and IR fields. The knowledge of absolute

XUV timing from measurements in Helium can be used to obtain quantum phase

differences between excitation/ionization channels in molecules, leading to quantum

control schemes in the XUV regime.

Finally, we discussed experiments to study attosecond electron wave-packet dy-

namics in helium using XUV and IR pulses in which the excitation occurs in the

strong-field free situation. We observed oscillation in photo-electron yield due to

interferences between electrons ionized from 2p,7p and 8p states. In the fourier

transform of the photo-electron spectrogram we observed a minimum in the 2p-7p

and 2p-8p fourier peaks which may arise due to a minimum in the net ionization

matrix element similar to a Cooper minimum [10]. Further investigation is required

to understand the origin and implications of these observations.
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APPENDIX A

DERIVATION OF PROBABILITY OF IONIZATION IN THE WEAK DRIVER

FIELD APPROXIMATION

The probability of ionization which is proportional to the probability of excitation,

in the presence of XUV and 2IR fields when transitions to two components of a

Floquet state are involved, can be written as (equation 2.12)

P (τ) ∝ |M0f0 +M2f2e
−i(2ωτ+2δ0−2δ(τ)+φ)|2 (A.1)

where

δ(τ) = arcsin(Ad sin(ωτ)/
√
I(τ))

and

I(τ) = A2
p + A2

d + 2ApAd cos(ωτ)

Ap and Ad are defined in the manuscript.

Since the Floquet states are created due to the interaction of the atom with a

laser field, the matrix elements for transitions to Fourier components of Floquet

states are in general dependent on the laser intensity I(τ). Let us assume that

M0 = C0A(τ)a and M2 = C2A(τ)b. Using the approximation that Ad/Ap << 1 and

retaining only the lowest order terms in Ad/Ap, equation A.1 can be written as

P (τ) = C2
0A

2a
p + C2

2A
2b
p + 2[C2

0A
2a
p a

Ad
Ap

+ C2
2A

2b
p b
Ad
Ap

] cos(ωτ)

+ 2C0C2A
a+b
p [cos(2ωτ + 2δ0 + φ) + 2 sin(2ωτ + 2δ0 + φ)

Ad
Ap

sin(ωτ)]

+ 2C0C2A
a+b
p [a

Ad
Ap

+ b
Ad
Ap

] cos(ωτ) cos(2ωτ + 2δ0 + φ) (A.2)

We have absorbed f0 and f2 into the constants C0 and C2 respectively. Since the

two-photon dressed matrix elements M2 are much weaker than M0, C
2
0A

2a
p � C2

2A
2b
p .
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Using this and dividing equation A.2 by C2
0A

2a
p +C2

2A
2b
p , we can write the time-delay

dependent terms (no DC) in the probability of ionization as

P (τ) = 2
Ad
Ap

(a+R2b) cos(ωτ)

+ 2R[cos(2ωτ + 2δ0 + φ)] + 4R
Ad
Ap

[sin(2ωτ + 2δ0 + φ) sin(ωτ)]

+ 2R
Ad
Ap

[(a+ b) cos(ωτ) cos(2ωτ + 2δ0 + φ)] (A.3)

where R = (C2/C0)A
(b−a)
p . Also R2 ≈ (M2/M0)

2.

From absorption cross section calculations, typically, (M2/M0)
2 ≤ 10−3 for the

intensity range around a few TWcm−2. Thus R2 ≈ 10−3. Using these numbers

equation A.3 can be written as

P (τ) = 2a
Ad
Ap

cos(ωτ) + 2R cos(2ωτ + 2δ0 + φ)

+R
Ad
Ap

(a+ b+ 2) cos(ωτ + 2δ0 + φ)

+R
Ad
Ap

(a+ b− 2) cos(3ωτ + 2δ0 + φ) (A.4)

which is equation 2.13.
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APPENDIX B

REPRINT: IN-SITU SPATIAL MAPPING OF GOUY PHASE SLIP FOR

HIGH-DETAIL ATTOSECOND PUMP-PROBE MEASUREMENTS

The following manuscript was published as a peer-reviewed article in Optics Letters.

The results of this article are summarized in section 2.3. The manuscript is reprinted

with permission from the Optical Society of America. Original reference: Niranjan

Shivaram, Adam Roberts, Lei Xu, and Arvinder Sandhu, “In-situ spatial mapping

of Gouy phase slip for high-detail attosecond pump-probe measurements”, Optics

Letters 35, 3312 (2010). Copyright (2010) by the Optical Society of America.
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Attosecond pump–probe experiments routinely utilize extreme ultraviolet (XUV) and IR fields, with relative phase
being the variable parameter. However, the Gouy phase slip between the focused IR and XUV pulses inevitably leads
to a certain amount of phase averaging and loss of accuracy. By using ion imaging, we establish a one-to-one map-
ping between the local phase slip and the spatial coordinates of the focal volume, thus performing in situ char-
acterization of the Gouy phase of a complex beam and its role in ionization of He and Xe. We demonstrate that
spatially discriminated ion imaging enhances the contrast of a phase-dependent XUV þ IR ionization signal. We
utilize our technique to unmask a weak ionization asymmetry, thus opening pathways for further high-precision
attosecond studies. © 2010 Optical Society of America
OCIS codes: 320.7100, 020.4180, 300.6530, 300.6540.

Ultrafast atomic and molecular science has undergone
quite a revolution in the past few years. The arrival of
ultrafast extreme-ultraviolet (XUV) sources in the form
of attosecond-duration, high-frequency, coherent light
pulses has led to the birth of a new subfield, called atto-
second science [1]. The excitement in this field arises from
the possibility of observation and control at the level of
electrons, which typically undergo dynamics on the time
scale of a few hundred attoseconds. The phenomenon un-
derlying this advance is the nonlinear interaction of in-
tense laser pulses (>1014 W cm−2) with atoms, which
generates laser high harmonics in the form of controllable
XUV attosecond pulse trains (APTs) or single attosecond
pulses [2–5]. Time-resolved experiments using XUV and
near-IR pulses have led to new insights into the electron
dynamics in atoms, molecules, clusters, and surfaces
[1,3,6,7].
Attosecond resolution is obtained in XUV þ IR studies

by using the relative phase between two fields as a vari-
able parameter. Thus, it is of crucial importance that the
relative XUV/IR phase remains constant over the interac-
tion region. However, it is well known that an electro-
magnetic wave going through the focus experiences a
phase change, called the Gouy phase shift [8]. As a result,
there is a spatially dependent phase slip between the
XUV and IR fields in the interaction region. This leads
to signal averaging over a range of relative phases, ad-
versely affecting the measurement accuracy. To amelio-
rate these effects, researchers typically place the target
before/after the focus [2].
Here we discuss our experimental results that highlight

the importance of Gouy phase slip in attosecond experi-
ments. First, we perform an accurate, in situ character-
ization of the phase slip of an “annular” beam, which, to
our knowledge, has not been done before. This is impor-
tant because, unlike Gaussian or other well-defined
modes [9], the Gouy phase shift of complex beam profiles
cannot be easily calculated. Second, we investigate the
detrimental effects of relative phase slip on the contrast
of attosecond-resolved measurements of atomic ioniza-
tion in the simultaneous presence of high-frequency
(XUV) and low-frequency (IR) fields. We demonstrate

that the spatial selective imaging translates to Gouy
phase gating, which enhances the accuracy of phase-
dependent pump–probe data. Finally, using our Gouy
phase gating technique, we uncover a weak ionization
asymmetry in a three-pulse experiment. This important
effect was previously predicted [10], but has not been
experimentally observed.

Figure 1 shows the experimental setup. The Ti:Sa laser
amplifier output (1 mJ, 40 fs, 1 kHz) is split into two
pulses. One pulse is focused into xenon filled hollow glass
capillary (150 μm bore), whose output (Beam 1) is in the
form of XUV or IR, or both, depending on the filters used.
Beam 1 is focused onto a gas target (He or Xe) through
one-to-one focusing with a toroidal mirror (1 m radius
of curvature). The other IR pulse (Beam 2) goes to a fine
delay stage for relative phase control, and is then focused
with a 50 cm lens. A mirror with a hole recombines the
two beams collinearly. The ions produced in the focal re-
gion are imaged to amicrochannel plate-phosphor assem-
bly, yielding one-to-one mapping between the point of
origin and the point of impact on the detector.

In the first set of measurements, we characterize the
Gouy phase slip through its role in two-pulse (IR–IR) io-
nization of Xe. The intensities of IR pulses (Beam 1 and
Beam 2) are chosen such that ionization happens only in
the simultaneous presence of the two fields, and the io-
nization yield at a point in the focal region depends on the
resultant “local” electric field. For a fixed time delay, as
two overlapping IR pulses transit through the interaction

Fig. 1. (Color online) Experimental scheme shows the XUV/IR
beam lines and the ion-imaging setup. Intensities of IR pulses
are ∼1012–1013 W cm−2. Inset (top left), schematic showing re-
lative phase delay between XUV APT and the IR electric field.
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region, any variation of the relative phase (Gouy phase
slip) will result in variation of the ion yield along the pro-
pagation direction. In particular, peak ion yield will occur
wherever the two IR fields are in phase. Figure 2(a)
shows the spatially resolved ion images obtained for five
different time (phase) delays between the two IR pulses.
We observe that the ion images exhibit a peak, which
shifts spatially (along the z direction) as the relative time
delay is changed. This is a clear indication of the relative
phase slip between the two IR pulses as they go through
the focus.
If we spatially divide the ion image into narrow vertical

sections corresponding to specific z values and observe
the ion yield in each section as a function of the relative
time delay between two fields, we expect to see oscilla-
tions at a laser cycle period of 2:6 fs. Figure 2(b) illus-
trates this for the case of two vertical sections at the
ends of the interaction region (i.e., z ¼ −10 mm and
z ¼ þ10 mm). More importantly, owing to the phase slip
in the interaction region, the oscillations from the two
end sections are almost π out of phase.
We repeat the above measurement for many spatial

sections of the focal region, and from the observed phase
differences between ion-yield oscillations in various
sections,webuild acompleteplot ofGouyphase slip along
the propagation direction [Fig. 2(c)]. Because the loosely
focused IR pulse in Beam 1 (Rayleigh range ∼10 cm) has
negligible phase shift, the phase slip in Fig. 2(c) is almost
entirely due to the Gouy phase shift of “annular” Beam 2.
We also confirm this using XUV þ IR data, as discussed
later. However, to be exact, the Gouy shift of Beam 1
can introduce a small error, which is significant only at
the extreme ends of the interaction region [error bars in
Fig. 2(c)]. Thus, Fig. 2(c) represents an in situ measure-
ment of the Gouy phase slip of an annular beam. We fit
the measured phase slip to an expression, φ ¼ A�
tan−1ðz=zRÞ, where multiplier A characterizes the total

effective Gouy phase shift of all high-order modes [9] con-
stituting theannularbeamandzR is theRayleigh range.We
obtain a good fit for A ¼ 1:5 and zR ¼ 7 mm, which is in
agreementwith theRayleigh rangeofBeam2.The fit value
A ¼ 1:5 implies that the asymptoticGouyphase shift of the
annular beam is 1:5π, which stands in contrast to the π
phase shift for purely Gaussian beams. In essence, we ob-
tainacalibratedphasemeter thatcannowbeemployed for
phase selective and precision attosecond measurements.

In the second set of experiments, we perform the
attosecond-resolved imaging of two-color (XUV þ IR) io-
nization of He. The XUV (predominantly the 11th, 13th,
and 15th harmonics) obtained from a Xe filled capillary is
sufficiently low in energy so that there is negligible direct
ionization of He. The simultaneous presence of XUV and
IR leads to ionization, and as relative time delay is varied,
the ion yield oscillates with half-laser-cycle periodicity
[Fig. 3(a)]. This process has been the focus of many re-
cent investigations [10–12].

Figure 3(a) shows ion yield as a function of XUV/IR
relative delay for two vertical sections of the ion image,
as well as the entire focal region. We observe that the
oscillations in the z ¼ 10 mm section (after focus) are
almost completely out of phase with respect to the oscil-
lations at z ¼ 0 (center section). Unlike the IR/IR case
[Fig. 2(b)], where the oscillations from two end sections
were out of phase, the oscillations in the XUV þ IR case
go out of phase over half the distance. As the XUV bursts
occur at half-IR-cycle periodicity, a π=2 Gouy phase shift
of the IR pulse (Beam 2) relative to the attosecond XUV
bursts (Beam 1) is sufficient to create an opposite phy-
sical situation. Furthermore, as seen from Fig. 2(c), Beam
2 undergoes∼π=2 phase slip between the z ¼ 10 mm and
z ¼ 0 mm sections, thus explaining the observed XUV þ
IR oscillation behavior in Fig. 3(a). It should be noted
that, in the XUV þ IR case, Gouy phase shift of XUV is
unimportant, because the IR field is practically constant

Fig. 2. (Color online) (a) Two-dimensional ion images of the
focal region for different time (phase) delays between the two
IR pulses. The peak of the ion signal moves in the z direction
(propagation direction) when the delay is changed, indicating a
phase slip along the focus. (b) Oscillations of Xe ion counts as a
function of IR/IR delay for two different sections at z ¼ −10 mm
and z ¼ 10 mm are almost π out of phase. (c) Calibration of
Gouy phase shift as a function of distance along the laser focus.

Fig. 3. (Color online) (a) He ion counts as a function of XUV/
IR delay for sections z ¼ 10 mm and z ¼ 0 mm, along with spa-
tially integrated yield (over the entire focus). The period of os-
cillations is half-IR-cycle. End section and center section of the
focal region are out of phase, leading to loss of contrast in the
integrated data. (b) He ion yield in the presence of XUV and two
IR pulses, one of which is phase locked to XUV. The period of
oscillation is one IR cycle. Spatially discriminated data from the
end/center sections shows asymmetrical half-cycle peaks with a
dip in between. The asymmetry is washed out in the integrated
data due to phase averaging.

October 15, 2010 / Vol. 35, No. 20 / OPTICS LETTERS 3313
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over the short-wavelength XUV cycle. Thus, the entire
phase slip is strictly due to the Gouy phase shift of the
IR pulse (Beam 2), which provides additional confirma-
tion of the phase calibration in Fig. 2(c).
If we compare the oscillation in a selected section to

the oscillation in the spatially integrated yield from the
entire focal region, we observe that the modulation con-
trast is much poorer in the integrated yield [Fig. 3(a)].
The loss of the modulation contrast is due to the aver-
aging over different relative phases. While this averaging
negatively affects most attosecond pump–probe experi-
ments to a certain degree, in some cases, it can actually
mask important effects. Our imaging technique provides
a snapshot of phase evolution in the entire focal region
and allows us to implement spatial selectivity to enhance
signal contrast. As a result, we are able to uncover some
previously unobserved effects, as discussed below.
In the last set of measurements, we ionize He with an

XUV pulse and two IR pulses. One of the IR pulses
(∼1013 W cm−2) follows the usual Beam 2 path, whereas
the second, weaker IR pulse (∼5 × 1012 W cm−2) copro-
pagates with and is locked to the XUV APT in Beam 1.
This arrangement offers a unique opportunity for probing
two-color ionization. Figure 3(b) shows the ion yield as a
function of delay between XUV þ IR (Beam 1) and IR
(Beam 2). As before, we plot the ion yields corresponding
to two vertical sections (z ¼ 10 mm and z ¼ 0 mm),
along with the spatially integrated ion yield over the en-
tire focus. We observe that the oscillations occur with an
overall periodicity of one IR cycle, but a small dip in the
middle of each cycle is clearly visible. The spatially dis-
criminated sections show a distinct asymmetry between
half-cycle peaks on either side of this dip. This structure
was predicted recently [10] in time-dependent Schrödin-
ger equation simulations; however, it has not been ob-
served experimentally. Based on initial simulations, the
splitting of one IR cycle oscillation into asymmetric
half-cycles can be attributed to interference between io-
nization pathways resulting from the 13th and 15th har-
monics, in a manner akin to double-slit interference. The
asymmetry parameter and its evolution with time delay is
dependent on XUV APT timing relative to the weaker IR
field and the dynamic behavior of atomic states in the
presence of strong fields. Further discussion of this sub-
cycle asymmetrical ionization process lies outside the
scope of this Letter. We limit ourselves to remarking that

this important asymmetry is washed out in the spatially
integrated data owing to the phase averaging.

In conclusion, we have performed accurate character-
ization of theGouyphase variation in the focal volumeand
measured its effect on the attosecondXUV þ IR ionization
processes. Our results show that theGouy phase variation
can lead to substantial loss of accuracy in attosecond ex-
periments and can wash out signatures of interesting
quantum processes. We employed spatial selective phase
gating to obtain higher signal contrast in a two-color
XUV þ IR ionization process and to unmask a weak ioni-
zation asymmetry in three-pulse ionization. We envision
that the approach outlined here will serve to open up
doors for observation of new electron dynamics in pump–
probe experiments.

We acknowledge Arizona TRIF imaging fellowship and
National Science Foundation (NSF) grant PHY-0955274
for support.
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APPENDIX C

REPRINT: ATTOSECOND-RESOLVED EVOLUTION OF A LASER-DRESSED

HELIUM ATOM: INTERFERING EXCITATION PATHS AND QUANTUM

PHASES

The following manuscript was published as a peer-reviewed article in Physical Re-

view Letters. The results of this article are summarized in section 2.4. The
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Using high-order harmonic attosecond pulse trains, we investigate the photoionization dynamics and

transient electronic structure of a helium atom in the presence of moderately strong (� 1012 Wcm�2)

femtosecond laser pulses. We observe quantum interferences between photoexcitation paths from the

ground state to different laser-dressed Floquet state components. As the intensity ramps on femtosecond

time scales, we observe switching between ionization channels mediated by different atomic resonances.

Using precision measurements of ion yields and photoelectron distributions, the quantum phase difference

between interfering paths is extracted for each ionization channel and compared with simulations. Our

results elucidate photoionization mechanisms in strong fields and open the doors for photoabsorption or

photoionization control schemes.

DOI: 10.1103/PhysRevLett.108.193002 PACS numbers: 32.80.Rm, 32.80.Fb, 32.80.Qk

Recent advances in ‘‘attosecond science’’ have given a
new impetus to the study of atomic and molecular phe-
nomena by providing direct real-time access to electron
dynamics [1]. Experiments in this regime are typically
conducted using extreme ultraviolet (XUV) attosecond
pulses or pulse trains along with precisely synchronized
strong-field femtosecond near-infrared (IR) laser pulses to
obtain new insights into the dynamics of electronically
excited systems [1–4]. As the roots of attosecond science
lie in the strong-field concepts developed in the 1990s [5],
the application of new attosecond techniques to refine our
understanding of atomic or molecular dynamics in strong
fields is of particular interest.

Using XUV attosecond pulse trains (APTs) and near-IR
laser fields, we obtain precision real-time measurements of
the transient nonequilibrium electronic structure of helium
in intense fields. We investigate quantum interferences in
the high-order harmonic driven photoexcitation paths to
different components of a Floquet state. As the field inten-
sity ramps on femtosecond time scales, we observe switch-
ing between different resonance-mediated ionization
channels. We find that the ion yield from each ionization
channel oscillates with a specific phase, which is deter-
mined by the quantum phase difference between transition
matrix elements. We interpret this quantum phase using the
Floquet interaction model. Numerical time-dependent
Schrödinger equation (TDSE) calculations serve to eluci-
date the important role of Floquet interferences in photo-
excitation and ionization.

We use amplified 65 fs, 785 nm IR pulses of 1.5 mJ
energy, which are split into two parts. One part is focused
onto a Xe-gas-filled hollow waveguide to generate an
APT of high-order harmonics (HH). The APT, along with
the copropagating driving infrared pulse (IRd), is focused
onto a He gas jet using a toroidal mirror. The second part, a

probe pulse (IRp), goes to a delay stage and is focused

on the He target with a 50 cm lens. The use of two IR
fields (IRp and IRd) is important in our measurements, as

discussed later. The schematic of our experimental setup
is provided in [6]. Photoelectrons are imaged using a
velocity-map-imaging setup. Heþ ions are spatially im-
aged such that there is a one-to-one correspondence
between the point of origin and the point at which they
hit the detector, allowing us to eliminate Gouy phase
averaging and obtain a high-quality signal [6].
Figure 1(a) schematically shows the experimental HH

spectra relative to the unperturbed He resonances. The 15th
harmonic is resonant with the 5p electronic state, and the
13th harmonic is slightly below the 2p resonance. Two
other harmonics that we observe, i.e., the 11th and the 17th,

(b) 
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2p 

(a) Ion Limit 
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n=0 
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FIG. 1 (color online). (a) XUV spectrum and the relevant He
states. (b) Calculated XUV photoabsorption cross section (in
atomic units) as a function of laser intensity. (c) Floquet mani-
fold showing one-photon-spaced components of the laser-
dressed 2p state. The 13th and 15th harmonic excitation paths
to n ¼ 0 and n ¼ 2 Fourier components are also shown. The
interference between these two paths leads to 2! oscillation.
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are much weaker (20 times lower) and nonresonant. Hence,
they do not play a significant role in this study. In Fig. 1(b),
we show the photoabsorption cross section of He as a
function of photon energy and peak IR intensity calculated
using the method described in [7]. Clearly, the discrete
atomic resonances evolve into a complicated structure even
in a moderately intense laser field of the order of a few
TWcm�2. The higher excited states (3p, 4p, 5p, etc.)
exhibit positive shifts, which can be approximated by the
ponderomotive effect. The low-lying 2p state exhibits a
negative shift and develops multiple branches. At inten-
sities around 5 TWcm�2, the excited state structure bears
very little resemblance to the unperturbed case.

The physics of two-color photoionization dynamics is
quite rich, even in a simple system like He, and multiple
studies have recently focused on different facets of this
topic [8–11]. In previous experiments with APT and IR
fields, it has been observed that theHeþ ion yield oscillates
as a function of time delay with half-IR-cycle periodicity
[12,13]. This has been interpreted as an interference be-
tween wave packets generated by successive bursts in the
APT [10,12,14]. Here, we explain the mechanisms under-
lying this interference process using the Floquet interaction
picture [15]. Figure 1(c) shows the Floquet manifold cor-
responding to a laser-dressed atomic state (e.g., a 2p state),
where different Fourier components are spaced by one IR-
photon energy, i.e., !. The Floquet manifold associated
with an atomic state can be written as [15–17]

c �ðtÞ ¼ e�i��t
X

n

��ne
�in!t; (1)

where �� is the quasienergy of the Floquet state and ��n

is the wave function of the nth Fourier component of this
Floquet state. The two harmonics used in our experiment
cause transitions to the n ¼ 0 and n ¼ 2 (or n ¼ �2)
components of the Floquet manifold, and the interference
between these two paths modulates the excitation proba-
bility at the 2! frequency [16,17]. The ionization proba-
bility, which is proportional to the excitation probability,
thus exhibits an oscillatory variation at 2! or half-cycle
periodicity with time delay, which can be written as

Pð�Þ / jM0f0 þM2f2e
�ið2!�þ�Þj2; (2)

whereM0 andM2 are the transition matrix elements for the
excitation to direct and two-photon-dressed Fourier com-
ponents [e.g., n ¼ 0 and n ¼ 2 in Fig. 1(c)] and f0 and f2
are the corresponding strengths of the two harmonics. This
formalism explains the origin of ion and electron yield
oscillations and also provides an avenue to obtain quanti-
tative information about the quantum phase� between two
paths. In this Letter, we demonstrate a method that allows a
precise measurement of this quantum phase difference.
Furthermore, we establish that this quantum phase changes
as ionization channels switch dynamically with laser in-
tensity. Thus, in contrast to prior studies which have

measured the phase of a resonance-mediated two-photon
transition [8] or obtained the scattering phase shifts of
continuum electron waves [11], our measurements focus
on the intrinsic phase relationship between transitions to
different components of a single laser-dressed state and its
influence on the ionization dynamics. Importantly, this
quantum phase difference determines the conditions for
constructive or destructive interference in multipath ion-
ization or fragmentation processes.
The quantum phase difference between excitation paths

manifests itself in the form of a phase lag of the ion-yield
oscillations. In order to accurately measure the intensity- or
time-dependent phase lags, we need a reference signal.
Below, we show that such a reference signal can be ob-
tained using 2IR pulses. The net IR field in our experiment
results from a combination of a weak pulse (IRd) that is
phase-locked to and copropagates with the APT and a
strong pulse (IRp) which is delayed relative to IRd by �

(Fig. 2). The delay dependence of the net IR intensity and
phase is given as Ið�Þ ¼ A2

p þ A2
d þ 2ApAd cosð!�Þ and

�ð�Þ ¼ arcsin½Ad sinð!�Þ= ffiffiffiffiffiffiffiffiffi
Ið�Þp �, where Ap and Ad are the

amplitudes of the probe and driver IR fields. In the case
of XUVþ 2IR fields, the ionization probability given by
Eq. (2) becomes

Pð�Þ / jM0f0 þM2f2e
�i½2!�þ2�0�2�ð�Þþ��j2: (3)

The matrix elements now depend on the net IR intensity
Ið�Þ, which modulates at a frequency !. �0 is the phase at
which the attosecond pulse is locked to the driver IR field
and is a constant in our experiment.
For a weak driver IR field (Ad � Ap), and considering

the fact that the transition matrix element to a two-photon-
dressed Fourier component, M2, is at least an order of
magnitude weaker than M0 at our intensity parameters
[7], it can be shown that the dominant frequencies in
Pð�Þ are 1! and 2!. The ion yield Pð�Þ in the weak driver
case can thus be written as

Pð�Þ ¼ T1 cosð!�Þ þ T2 cosð2!�þ 2�0 þ�Þ; (4)

where T1 and T2 are delay-dependent amplitude factors.
The next-order correction does not involve the 2! fre-
quency and is more than an order of magnitude smaller.
It should be noted that the phase�, which we are interested

     APT+Driver IRd  Probe IRp 

τ 
δ0 t = 0 

Time  

FIG. 2 (color online). The configuration of laser pulses used in
the experiment. Time delay (�) is negative when the probe IRp

arrives earlier than the APTþ driver IRd pulses. The APT is
phase-locked to the driver IR at a phase of �0.
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in measuring, does not appear in the 1! term in Eq. (4).
Hence, we can use the 1! oscillations as a reference to
measure the phase of 2! oscillations.

Figure 3(a) shows the normalized experimental Heþ ion
yield as a function of time delay between APTþ IRd and
probe IRp for a probe IR intensity of 3:4 TWcm�2. The

driver IR intensity is less than 1010 W cm�2. The negative
time-delay axis implies that the IR probe arrives ahead
of the XUV pulse. As the time delay changes from �20
optical cycles towards zero, we observe a distinct oscilla-
tion structure with one-cycle and half-cycle components in
accordance with Eq. (4). This asymmetric oscillation struc-
ture evolves from a high-left-peak structure to a high-right-
peak structure as a function of the time delay. The change
in oscillation structure is a direct manifestation of the
change in phase relationship between the 2! and 1!
components. This represents an intensity-dependent
change in the phase of 2! oscillations, which in turn
implies that the quantum phase difference between the
two interfering paths [� in Eqs. (2) or (4)] is dependent
on intensity conditions. The oscillation at the 1! fre-
quency, which arises from the intensity modulation due
to the IR-IR interference, acts as a reference with respect to
which we can robustly measure this phase � by allowing
us to compensate for interferometric drifts and other var-
iations in our experiment.

Figure 3(b) shows the Fourier transform of the raw ion-
yield oscillation signal over a time-delay range that spans
more than 20 optical cycles. It is clearly seen that the
spectrum contains only 1! and 2! frequencies, which is
in agreement with Eq. (4).

Before we quantitatively discuss the variation of the
interference phase � with intensity, it is important to
identify the different Floquet states contributing to the
ionization. To identify the Floquet paths, we utilize photo-
electron spectroscopy. Figure 4(a) shows the experimental
electron spectra at different probe intensities. The ob-
served electron peaks in Fig. 4(a) are associated with
IR ionization of XUV excited 5p, 4p, and 2p atomic
states. At low intensities, ionization is mediated by the
5p resonance, and we observe a strong peak correspond-
ing to the 5pþ 1! process. This is expected, as the 15th
harmonic is initially resonant with the 5p state. As the
intensity is increased, the 4pþ 1! channel starts contrib-
uting. At higher intensities, the 2pþ 3! channel domi-
nates the ionization signal. TDSE calculations for
comparable intensity parameters yield similar results
[Fig. 4(b)]. The experimental angle-resolved photoelec-
tron images in Fig. 4(c) also show that, as intensity is
increased towards 3:4 TWcm�2, side lobes corresponding
to the ‘‘g-wave’’ structure appear. This is another indica-
tion of the three-photon ionization of the XUV excited 2p
state. These observations are in good agreement with
Fig. 1(b) as the 2p structure Stark shifts downward in
energy with increasing intensity, becoming resonant at

higher intensities. Thus, the results from Fig. 4 confirm
that the dominant two-color ionization pathway changes
from 5p-mediated ionization at low intensities to
2p-mediated ionization at higher intensities. Next, we
extract the real-time variation of the interference phase
� and establish a quantitative relationship between the
strong-field modification of atomic structure and the
intensity-dependent phase change observed in the ion-
yield oscillations of Fig. 3.
The extraction of the phase of the 2! component of

ion-yield oscillations relative to the 1! component is
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FIG. 3 (color online). (a) Normalized Heþ ion-yield oscilla-
tions for XUV and 2IR pulses at a probe intensity of
3:4 TWcm�2. Asymmetry in the double peak oscillation struc-
ture is indicative of the phase difference between the 1! and 2!
frequencies. The asymmetry gets reversed as the time delay or
instantaneous intensity is varied. (b) Fast Fourier transform
(FFT) amplitude of the raw ion-yield oscillations shows only
two prominent frequencies. As the noise floor at frequencies
>3! is insignificant, it has been subtracted from (a) to improve
the clarity of the oscillation structure.

(a) (b)

(c)

FIG. 4 (color online). (a) Experimental XUVþ IRp photo-
electron spectrum of He at different IRp intensities. As the IR

intensity is increased, the 2pþ 3! peak becomes dominant.
(b) Calculated photoelectron spectrum. (c) Experimental veloc-
ity map imaging of photoelectrons at different IRp intensities.
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performed using a Fourier-transform-based method [18].
The ion signal is first Fourier transformed to the frequency
domain, and a rectangular window function is applied
around the 2! peak. This windowed peak is then translated
to the zero frequency position, and the array is then inverse
Fourier transformed back to the time-delay domain. The
phase of the complex number array obtained gives the
time-delay-dependent phase of the 2! signal. This proce-
dure is repeated for the 1! peak, and the phase of the 1!
signal is used as a reference to obtain the phase of the 2!
signal free of interferometric drifts and fluctuations.

Figure 5(a) plots the phase � as a function of time delay
(solid line). In this plot, a constant phase offset correspond-
ing to the APT timing �0 [Eq. (4)] has been removed by
comparing our measurements with the TDSE simulations
described below. Assuming a Gaussian profile, we cali-
brate the time-delay axis such that each delay value corre-
sponds to a specific instantaneous intensity [top axis of
Fig. 5(a)]. The right and left insets in Fig. 5(a) show
independent experimental measurements of ion-yield os-
cillation at 3:4 TWcm�2 and 1:4 TWcm�2 peak inten-
sities, respectively. The asymmetry of the double peak
structure in the oscillation signal is opposite for the two
intensities, consistent with the observations in the real-time

variation in Fig. 3(a). We repeat the phase extraction ex-
ercise on ionization signals obtained at different peak
intensities and obtain the phase of the 2! component in
each case. We then plot the phases extracted for different
peak intensities as squares in Fig. 5(a) and compare them
with the delay-dependent phase curve. A good match
between the two independent results demonstrates the
soundness of our experimental method.
Starting from zero, as we move to longer time delays

(i.e., lower intensities), the experimentally obtained phase
increases [Fig. 5(a)]. The experimental value of the phase
goes through � and reaches 1:5� at 1:4 TWcm�2 inten-
sity. This variation of phase can now be understood in
terms of the quantum mechanical phases associated with
various ionization channels and the relative dominance
of different channels. The calculated energy-resolved
XUVþ IRp photoelectron data in Fig. 5(b) elucidate the

role of the different channels. At high intensity
(3:4 TWcm�2), the 2p resonance-mediated ionization
channel at 0.69 eV dominates. The oscillation of this
channel has zero phase, implying that the ionization yield
peaks at zero delay, where XUV bursts are synchronized to
the peak of the IR field. For this to happen, the quantum
phase� between theM0 andM2 transition matrix elements
in Eq. (2) has to be zero. In other words, 13HH and 15HH
induced transitions to the Floquet components associated
with 2p excitation [Fig. 1(c)] are ‘‘in-phase.’’
As intensity decreases, the 4p channel at 0.72 eV starts

contributing substantially. Interestingly, the oscillations in
this channel are completely out of phase with the 2p
contribution [Fig. 5(b), 1:5 TWcm�2]. This implies that
� ¼ � for the 4p-mediated ionization channel, and the
ionization yield peaks when XUV bursts are synchronized
to the zeros of the IR field. In the Floquet picture, the 13th
and 15th HH transition matrix elements to the n ¼ �2 and
n ¼ 0 components of the 4p Floquet state have opposite
signs. In general, as the transition matrix elements to bound
states are real, there are only two possibilities; either M0

and M2 can have the same sign (� ¼ 0; 2�) or opposite
signs (� ¼ �), and we see both possibilities in Fig. 5(b).
At very low intensity, the 5p ionization starts dominating
and oscillates with the same phase as 2p. This implies that
the phase between the n ¼ �2 and n ¼ 0 components of
5p is 0, �2�. Thus, in our experiment, as the intensity
decreases or time delay gets longer, we observe in real time
a change in the phase of ion-yield oscillation, going from
zero when 2p is dominant, through�where 4p contributes
substantially, and eventually towards 2� where 5p
dominates.
Our work represents a direct measurement of the quan-

tum phases associated withXUVþ IR ionization channels,
which are not known a priori. These observations are gen-
eral and should be valid whenever XUVexcitation occurs in
a strong field. The Floquet-theory-based nonperturbative
model gives crucial insight into these seemingly complex

(a)

(b)

FIG. 5 (color online). (a) The solid red curve shows the phase
of the 2! component of ion-yield oscillations with time delay for
a probe intensity of 3:4 TWcm�2. The blue squares represent
independent phase measurements conducted at different peak
intensities. The insets show the experimental ion-yield oscilla-
tions near zero time delay for two representative peak intensity
values. The difference in oscillation structure provides indepen-
dent verification of the phase change. (b) TDSE results showing
the energy-resolved oscillations in the XUVþ IRp electron

yield of various resonance-mediated ionization channels.
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processes and explains the mechanisms underlying quan-
tum interferences in ionization. The measurement of
switching between ionization paths and the accompanying
quantum phases provides a framework on which we can
buildmethods to control excitation and ionization dynamics
in the presence of strong fields. For example, a strong field
with appropriate intensity and timing can be used to control
the interfering matrix elements and hence the yield and
spectral content of photoelectrons emitted from an atom, a
molecule, or a surface. A recent Letter [9] on XUV trans-
parency in the presence of strong fields validates some of
these ideas.

While our Letter only explores the role of quantum
interferences and strong fields in atomic ionization, mo-
lecular excited states present a richer and more complex
system. We expect the quantum interferences between
Floquet transitions to play an important role in the control
of molecular excitation and dissociation dynamics. For
example, recent work [19] inH2 invokedXUVþ IRmulti-
path interferences for control of the dissociation process.
The knowledge of transient atomic and molecular structure
and the quantum phases of interfering pathways is thus
crucial to understanding the dynamics and to devising new
control strategies in attoscience, where XUV and strong
fields are now being routinely used to study the behavior of
matter on electronic time scales.
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APPENDIX D

REPRINT: MEASUREMENT OF THE ABSOLUTE TIMING OF

ATTOSECOND XUV BURSTS WITH RESPECT TO THE DRIVING FIELD

The following manuscript was published as a peer-reviewed article in Physical Re-

view A Rapid Communication. The results of this article are summarized in section

2.5. The manuscript is reprinted with permission from the American Physical So-

ciety. Original reference: Niranjan Shivaram, Henry Timmers, Xiao-Min Tong and

Arvinder Sandhu, “Measurement of the absolute timing of attosecond XUV bursts

with respect to the driving field”, Physical Review A 85, 051802(R) (2012). Copy-

right (2012) by the American Physical Society.
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Measurement of the absolute timing of attosecond XUV bursts with respect to the driving field
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We demonstrate that a simple two-color ionization measurement can be used to extract the time of birth of
attosecond extreme ultraviolet pulses. A high-order-harmonic attosecond pulse train generated in xenon gas is
used to excite a laser-dressed helium atom, which we model using the Floquet formalism. The interference
between ionization paths from different Fourier components of the Floquet states results in the oscillation of
ion yield with time delay. Using two IR pulses to create a reference intensity modulation, we obtain the phase
of ion-yield oscillations, which provides the absolute timing of attosecond bursts with respect to the driving IR
field.

DOI: 10.1103/PhysRevA.85.051802 PACS number(s): 42.65.Ky, 32.80.Fb

The discovery of laser high-order-harmonic generation
(HHG) process seeded a revolution in the field of atomic and
molecular sciences [1]. The dynamics of electrons in strong
fields and the process of high-order-harmonic generation
still represent active fields of investigation. Recently, the
HHG process itself has been used as a probe of atomic
wave functions [2] and multielectron dynamics [3]. One
important use of the HHG process is in the generation of
attosecond pulse trains (APT) and single attosecond pulses
approaching durations shorter than 100 as [1,4–7]. These
extreme-ultraviolet (XUV) attosecond sources allow direct
probing of fast electron dynamics in atoms, molecules,
and materials through photoionization and photoexcitation
mechanisms.

Due to the importance of attosecond sources in cutting-
edge investigations of atomic and molecular processes, it is
very important to have robust methods for characterizing the
spectral and temporal nature of these sources [4,8,9]. The
spectral content of attosecond bursts is often fairly easy to
obtain, but the measurement of temporal structure is nontrivial
and requires precision, pump-probe measurements of electron
spectra. For temporal characterization of single attosecond
pulses, streaking methods have been used [8]. In the case of
attosecond pulse trains, XUV pulse autocorrelation [9] and the
reconstruction of attosecond beating by interference of two-
photon transitions (RABBITT) techniques [4,10] have been
utilized. In the RABBITT approach, attosecond XUV bursts
are converted to continuum electron wave packets through
ionization of atoms in the presence of moderate strength visible
or near-infrared (IR) laser fields. The interference between
two-photon continuum transitions modulates the electronic
yield at a specific phase. Knowing this phase as a function
of energy allows characterization of the temporal profile of
attosecond bursts [4]. In such measurements, the absolute
timing of attosecond pulses relative to the driving field is
not directly accessible. However, variations of the RABBITT
method can be used to obtain the timing information [11,12].
Here, we demonstrate another straightforward method that

*niranjan@physics.arizona.edu
†sandhu@physics.arizona.edu

provides the absolute timing of attosecond bursts directly
from ion-yield measurements in XUV + IR photoionization
of helium. One major simplification in our method is that it is
purely based on ion counting and there is no requirement of
energy-resolved measurements of electrons.

In our experimental setup, an amplified 65-fs, 785-nm
IR pulse of 1.5-mJ energy is split into two pulses using a
broadband beam splitter. One pulse of intensity ∼6 × 1013

W cm−2 is focused onto a xenon gas-filled hollow-glass
waveguide to generate high-order harmonics in the form of
an APT. The APT along with the copropagating HHG-driver
beam (IRd ) is focused onto an effusive helium gas jet using
a toroidal mirror. The copropagating IR pulse (IRd ) is phase
locked to the APT due to the mechanism of generation and has
an intensity of ∼3 × 1010 W cm−2 in the interaction region.
The second pulse (IRp) goes to a precision delay stage and
is then focused with a 50 cm lens onto the He target in the
interaction region with a peak intensity ∼3 × 1012 W cm−2.
In the interaction region, the XUV and IR fields are linearly
polarized along the z direction. Additional experimental details
can be found in an earlier publication [13]. The He+ ions are
imaged using a spatially selective Gouy phase gating technique
which allows us to eliminate Gouy phase averaging and obtain
a high-quality signal [13].

Figure 1(a) shows the configuration of the pulses used
in the experiment and defines the sign conventions used in
the theoretical model discussed below. Figure 1(b) shows
the harmonic spectra generated in Xe. There are only two
dominant harmonics (13th and 15th) in the XUV spectrum.
These harmonics are located near the field-free 2p, 4p, and 5p

atomic resonances. Under the action of a strong femtosecond
IR pulse, the He atomic structure substantially changes with
time, and the ionization pathways evolve dynamically [14]. We
will utilize the ion-yield measurements under these dynamic
conditions to extract the timing of attosecond bursts relative to
the driving IR field.

The XUV APT creates excited states in helium which
were simultaneously modified and ionized by an IR field
created by the superposition of two pulses, the driver (IRd )
and the probe (IRp). In this configuration [Fig. 1(a)] where
the APT + IRd is delayed with respect to the probe IR (IRp),
the electric fields for IRp, IRd , and net IR can be written,

051802-11050-2947/2012/85(5)/051802(5) ©2012 American Physical Society
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FIG. 1. (Color online) (a) The configuration of the APT, IRd , and
IRp used in the experiment. The APT is inherently phase locked to
the driver IRd at a phase δ0, which we are interested in measuring.
Our sign conventions are such that time delay τ is positive when IRd

arrives earlier in time and δ0 is positive when the attosecond bursts
are located earlier than the peak of IRd cycle. (b) The XUV spectrum
used in the experiment and the relevant He atomic states.

respectively, as

Ep = Ap cos(ωt),

Ed = Ad cos(ωt + ωτ ),

Enet =
√

I (τ ) cos[ωt + δ(τ )],

where

I (τ ) = A2
p + A2

d + 2ApAd cos(ωτ )

and

δ(τ ) = arcsin[Ad sin(ωτ )/
√

I (τ )],

where ω is the angular frequency of the IR fields.

The XUV field in the time domain can be written as an
inverse Fourier transform of the high-order-harmonic field in
the frequency domain as

EX =
∫

f (ωx)e−iωx (t+τ+δ0/ω) dωx, (1)

where f (ωx) is the harmonic spectral amplitude and δ0/ω is
the time at which the attosecond bursts are locked with respect
to the peak of IRd . This is the time of birth of the attosecond
bursts as they come out of the gas-filled capillary in which
they are generated. The measurement of δ0 thus provides the
absolute timing of the attosecond pulses.

The high-order harmonics present in the XUV pulse
excite an atom from its ground state to laser-dressed atomic
states, which can be considered as Floquet states [15,16] for
multicycle laser fields. In this picture, each Floquet state is
represented by a series of Fourier components that are spaced
by the dressing laser frequency ω. The Floquet manifold for
the atomic 2p state is shown in Fig. 2(a) along with the 13th
and 15th harmonics used for excitation in our experiment.
Mathematically, the Floquet manifold associated with an
atomic state can be written as [15–17]

ψα(t) = e−iεα [t+δ(τ )/ω]
∑

n

φαne
−inω[t+δ(τ )/ω], (2)

where εα is the quasienergy of the Floquet state and φαn is the
wave function of the nth Fourier component of this Floquet
state.

The photoexcitation probability can be calculated as the
XUV dipole matrix element from the ground state to a
Floquet state using Eqs. (1) and (2) and integrating over time.
We can then write the photoionization probability, which is
proportional to the excitation probability, as

P (τ ) ∝
∣∣∣∣∣
∑

n

〈φαn|z|φg〉f (ωn)e−in[ωτ+δ0−δ(τ )]

∣∣∣∣∣
2

, (3)

FIG. 2. (Color online) (a) The Floquet manifold corresponding to the 2p state and the two harmonics used in our experiment. The interference
between two Fourier paths leads to 2ω oscillation. (b) The net IR intensity variation at the timing of the XUV burst for the case of a single IR
pulse and two IR pulses. Use of two IR pulses leads to an intensity modulation at ω, which acts as a reference in our experiment.
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where φg is the ground-state wave function and f (ωn) is the
XUV spectral amplitude Eq. (1) at the energy corresponding
to the nth Fourier component of the excited Floquet state.

In our experiment, as we have only two dominant harmonics
(13th and 15th) in the XUV spectrum, only two Fourier
components of the Floquet state need to be considered, and
hence the ionization probability can be simplified as

P (τ ) ∝ |M0f0 + M2f2e
−i[2ωτ+2δ0−2δ(τ )+φ]|2, (4)

where M0 and M2 are the two transition matrix elements and
f0 and f2 are the strengths of the two harmonics at the energies
corresponding to the n = 0 and n = 2 components of a given
Floquet state [Fig. 2(a)]. The matrix elements depend on the
net IR intensity [I (τ ), Fig. 2(b)], which modulates at frequency
ω. Importantly, the matrix elements are real and can only be
either positive or negative. The relative sign of matrix elements
is included in this expression through φ, which can take values
0 or π .

We utilize the fact that in our experimental geometry
Ad/Ap � 1 to retain only first-order terms in Ad/Ap. This
leads to the following simplified expression for the probability
of ionization:

P (τ ) = P1(τ ) cos(ωτ ) + P2(τ ) cos(2ωτ + 2δ0 + φ). (5)

P1(τ ) and P2(τ ) are the time-delay-dependent amplitudes of
the two frequencies in the signal. The phase term δ0 is, of
course, the desired quantity in this Rapid Communication.

The ionization probability given by Eq. (5) exhibits periodic
oscillations at ω and 2ω frequencies. The experimental
measurements of the He+ ion yield shown in Fig. 3 also have an
oscillation structure with these two frequencies, indicating that
our model correctly captures the essence of the XUV + 2IR
ionization process. We note that similar 2ω oscillations have
also been observed in other experiments [18].

The half-cycle (i.e., 2ω) oscillation in Fig. 3 can be
interpreted as a quantum interference between different
Fourier components of the Floquet states [16], as illustrated
in Fig. 2(a). The one-cycle (i.e., ω) variation is due to
interference between two IR fields that leads to a net IR
intensity modulation at ω frequency [Fig. 2(b)].

FIG. 3. (Color online) Experimental He+ ion yield in the presence
of XUV and two IR fields as a function of time delay between the
APT + IRd and IRp . The fit obtained using a model for Floquet
interferences in XUV + 2IR fields described by Eq. (5) is also shown.

Before we proceed with further data analysis using our
model, it is important to realize that Eq. (5) describes the
ionization resulting from a single Floquet state. In contrast, the
helium atom has many relevant “np” atomic states, which can
all be interpreted in terms of Floquet states in the presence of an
IR field. In particular, as Fig. 1(b) shows, the field-free 2p, 4p,
and 5p atomic states are nearly resonant with the 13th and 15th
harmonics. However, if ionization contribution from a certain
Floquet state is dominant over the others, the total ionization
yield can be modeled by Eq. (5) for the dominant state. Since
phase terms corresponding to various Floquet states only differ
by 0 or π , the phase of the net ionization signal is completely
determined by the phase term of the dominant Floquet state.

The 13th and 15th harmonics in our case predominantly
excite 2p, 4p, and 5p states. However, the photoabsorption
cross section of these states is strongly dependent on the
IR field strength. The modification of the atomic structure
in the presence of a strong field is discussed in [19].
Figure 4(a) shows the calculated ionization probability for 2p,
4p, and 5p states as a function of IR laser intensity. To obtain
this plot, we performed time-dependent Schrödinger equation
(TDSE) simulations using a method discussed in Ref. [16].
We identified the contribution of 2p, 4p, and 5p states to the
total ionization yield by artificially removing these resonances
from the calculation. From the plot, we can see that above
an intensity of ∼3 × 1012 W/cm2, the ionization from the
2p state is the dominant contribution to the total ionization.
Figure 4(b) is a schematic of the evolution of the different
Floquet blocks with IR intensity which illustrates how the
2p state comes into resonance at higher intensities. Since
it has more than an order of magnitude higher absorption
cross section compared to the 4p and 5p states, the 2p state
dominates the absorption and hence the ionization process. In
the measurement corresponding to Fig. 3, we used an intensity
of 3.4 × 1012 W cm−2 at which the 2p state clearly dominates.

Since a single Floquet state path corresponding to the
atomic 2p state dominates the ionization yield, we can obtain
the phase term in Eq. (5) from the experimental data. Fourier
transforming the experimental data in Fig. 3, we extract the P1

and P2 amplitude terms. This leaves only the quantity φ + 2δ0,
which we obtain by fitting Eq. (5) to the data in Fig. 3. The
value φ + 2δ0 = −2.4 rad yields a very good fit to the data.

As mentioned earlier, φ represents the sign of matrix
elements, and it can take values of 0 or π . Apart from this
discrete phase or sign ambiguity of 0 or π , we can obtain
the quantity δ0, which relates to the absolute timing of the
attosecond pulse train. The 0 or π phase ambiguity can be
easily removed using either of the two methods discussed
below.

One method to establish whether φ = 0 or φ = π is
appropriate for the 2p Floquet state under consideration is
to use TDSE simulations. These simulations establish that the
phase φ in this situation is zero [16]. The other method to
establish the value of φ is based on the fact that only one of
these options leads to a physically justifiable answer for the
time of birth of attosecond bursts. Using the possibility φ = π ,
we can fit Eq. (5) to the data and obtain δ0 as 0.37 rad. This
corresponds to a XUV burst occurring 150 as before the peak
of the IR field, which implies a 15th harmonic short-trajectory
return phase of 160◦ relative to the negative peak of the IR field.
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FIG. 4. (Color online) (a) Calculated ionization probability from the XUV excited 2p, 4p, and 5p states as a function of IR intensity. The
2p mediated ionization pathway dominates at high intensity and hence determines the phase of 2ω oscillations. (b) A schematic of the evolution
of the 2p, 4p, and 5p Floquet blocks with IR intensity. Thicker lines represent a higher-absorption cross section. The horizontal blue boxes
represent the harmonics. The vertical rectangle indicates the IR intensity regime used in our experiment.

A simple calculation of classical trajectories for harmonic
emission [20] easily rules out this result as too short of a
return time for the harmonics under consideration.

Using the second option, i.e., φ = 0, we obtain a value of
δ0 = −1.2 rad, which corresponds to an APT time of birth
of 500 as after the peak of the driver electric field. This
burst timing corresponds to the 15th harmonic short-trajectory
return at 250◦ phase relative to the negative peak of the IR
field. As shown in Fig. 5, this agrees well with the single-atom
prediction for timing of near-cutoff harmonics in Xe gas being
driven at 6 × 1013 W cm−2. Furthermore, our measurement
of the XUV burst timing relative to the IR field is also in
qualitative agreement with the experimental results reported
in Ref. [12].

From the above discussion it is clear that, in APT + IR
pump-probe experiments, interferences between XUV tran-
sitions are determined by both the phases of light fields and
quantum phases of transitions to laser-dressed resonances. The
dynamics under these conditions cannot be fully captured by
a classical cross correlation between light fields. However,
the Floquet formalism provides a convenient approach for
modeling the excitation to laser-dressed resonances. Though
we have used an XUV spectrum with only two dominant
harmonics in our experiment, this technique of extracting the
timing can be applied to more general APTs consisting of
many harmonics. In cases where harmonics beyond the 15th
harmonic are present, the direct transitions to the continuum
will increase the DC level of the ionization signal. Even
if the background ionization level increases by an order
of magnitude, by appropriate Fourier filtering, it should be
possible to extract the few percent oscillations in the ionization
signal, and hence the timing information can be extracted. In
the case of isolated attosecond pulses, the broad, continuous
spectrum of such pulses can create a complicated mixture of

different Floquet states, which can make the measurement and
analysis quite difficult. Hence, an important limitation of our
technique is that it may not be applicable to isolated attosecond
pulses.

In conclusion, we have obtained the time of birth of
attosecond bursts produced by high-order-harmonic genera-
tion using the ionization of a laser-dressed helium atom as

FIG. 5. (Color online) Classical short trajectories of the electron
for the 13th and 15th harmonic generation in Xe at a laser intensity
of 6 × 1013 W cm−2. The electron excursion and electric-field
amplitudes are x0 = 5.44 a.u. and E0 = 0.18 a.u. Note that the phases
are measured from the negative peak of the IR field. The recollision
phase for the 15th harmonic is thus 250◦. The timing of a XUV burst
corresponding to our harmonics is 500 as relative to the positive peak
of IR field.
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a measurement probe. The ion-yield signal, as a function
of time delay, directly provides the absolute timing of the
attosecond bursts when a single Floquet state dominates the
ionization. The experimental knowledge of attosecond burst
timing can be useful in many experiments of current interest
where the result of an XUV-IR induced process critically
depends on the absolute timing between the two fields. For
example, it can be useful in obtaining deeper insight into
processes like control of electron localization in molecular
dissociation where the phase of the IR field at the time of
excitation by the XUV field sets the initial conditions. In
experiments which use high-order-harmonic generation to
probe molecular structure and dynamics, the time of birth
of attosecond bursts can help data analysis and interpretation

by providing additional experimental constraints. In general,
photoexcitation or photoionization with XUV pulse trains
in the presence of strong laser fields involves multipath
interferences whose result is determined by the quantum
phase difference between paths as well as the absolute time
delay between the XUV and IR fields. The knowledge of
absolute XUV timing from measurements in helium can be
used to obtain quantum phase differences between excitation or
ionization channels in molecules, leading to quantum control
schemes in the XUV regime.

This work was supported by the National Science Founda-
tion (NSF) under Contract No. PHY-0955274.
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a b s t r a c t

We present experimental results and a theoretical framework for understanding the ionization dynamics
in atoms exposed to XUV attosecond pulse trains and strong multi-cycle infrared (IR) fields. We invoke
the Floquet formalism to model dressed atomic states as a manifold of Fourier components spaced by
the laser frequency. In XUV-IR pump–probe measurements, we observe that the ionization yield oscil-
lates due to quantum interference between photo-excitation paths to a Floquet state. We show that
the intensity-dependent shifts of atomic structure modify the ionization channels and the associated
interference phase. We extract this phase variation and compare it with simulations. These results pro-
vide a comprehensive description of the two-color ionization process and enable new schemes for control
of attosecond ionization and fragmentation dynamics.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The roots of attosecond science [1] lie in the strong-field phe-
nomena of high-harmonic generation (HHG) [2]. Actually, attosec-
ond science is tied to strong-field physics in more than one way.
For example, attosecond spectroscopy often requires synchronized
strong (1011—1013 W cm�2) laser fields as a probe of electron
dynamics. This requirement arises due to the fact that low flux
attosecond XUV pulses prepare a very weakly excited sample,
and to obtain useful statistics the probe needs to have a very high
photon flux. Thus, both attosecond XUV sources and femtosecond
strong-field sources are intricately connected in the attosecond
spectroscopy scheme. This unique combination has resulted in
new insights, both in the study of highly-excited atomic and
molecular systems [3–5] and the transient non-perturbative
dynamics such as tunneling ionization [6].

Here, we present a comprehensive description of interaction of
atoms with XUV attosecond pulse trains and moderately intense
IR pulses. Our results provide insight into the strong-field modifica-
tion of atomic and molecular structure and open up new approaches
for the control of electron dynamics. We begin with an attosecond-
resolved case study of two-color ionization dynamics of Helium
atoms to obtain quantitative information about interferences in
photoionization paths. As the IR intensity changes, the ionization
channels get modified. We find that the yield from each atomic
resonance-mediated ionization channel oscillates with a specific

phase, which can be interpreted using the Floquet interaction mod-
el. We use our approach to infer not only the ionization dynamics,
but also certain hard to obtain properties of the attosecond pulse
train (APT), such as the absolute timing of XUV bursts relative to
the driving IR fields. Numerical time-dependent Schrödinger equa-
tion (TDSE) calculations are used for comparison with experimental
results and they also serve to verify the underlying mechanisms. We
use this knowledge to show that strong fields of appropriate
strength and timing can be utilized to control atomic and molecular
phenomena.

2. Experimental details

In our experimental setup, we obtain amplified 65 fs, 785 nm IR
pulses of 1.5 mJ energy from a Ti:Sa laser amplifier. As shown in
Fig. 1(a), the IR pulse is split into two parts. One pulse of intensity
� 6� 1013 W cm�2 is focused into a Xenon filled waveguide to
drive high-harmonic generation in the form of an APT. The APT is
focused onto an effusive Helium gas jet using a toroidal mirror.
The second pulse (IRp) goes to a precision delay stage and is then
focused with a 50 cm lens onto the He target in the interaction
region leading to a peak intensity � 3� 1012 W cm�2. The XUV
and IR fields are linearly polarized along the z-direction and prop-
agate along the y-direction. The photo-fragments resulting from
the interaction are accelerated along the x-direction and imaged
onto the detector by applying suitable voltages on annular metal
electrodes. The detector consists of a micro-channel plate (MCP)
stack backed by phosphor screen. The images from the phosphor
are obtained using collection optics and a sensitive CCD camera.
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The photoelectrons are imaged onto the MCP in a velocity map
imaging scheme (VMI) [7]. The Heþ ions are imaged using a spa-
tially selective Gouy phase gating technique which allows us to
eliminate averaging due to Gouy phase slip [8]. This method pro-
vides a precise measurement of ionization dynamics.

Fig. 1(b) shows the high-harmonic (HH) spectra that we utilize
in our experiment relative to the unperturbed atomic states of the
Helium atom. There are only two dominant harmonics (13th and
15th) in the XUV spectrum. In the field-free configuration, 15th
harmonic is resonant with the 5p electronic state and 13th har-
monic is slightly below the 2p resonance. The other two harmonics
that we observe, i.e., 11th and 17th, are much weaker and non-res-
onant, hence they do not play a significant role in our study.

We characterize the temporal profile of our attosecond pulses
using the RABBITT technique [9,10]. The XUV APT generated in
Xe photoionizes Ar and a weak probe IR leads to one-photon inter-
ferences that show up as sidebands in the RABBITT scan (Fig. 2(a)).
Fig. 2(b) shows the attosecond bursts reconstructed from the
knowledge of phases of various sidebands. The XUV bursts in our

case are approximately 440 attoseconds, which is expected for a
pulse train constructed from just two main harmonics.

3. Results and discussion

We apply the APT and moderately strong IR pulse to study atto-
second resolved ionization dynamics of Helium. The physics of
two-color XUV + IR ionization dynamics is very rich and multiple
studies have recently explored different facets of this problem
[11–14]. For example, the phase of two-photon transition relative
to a direct continuum transition has been measured [11] as the
detuning between the harmonic photon energy and the intermedi-
ate resonant state is varied. The XUV transparency in an IR laser
modified atom has been discussed [12]. In this paper, we investi-
gate the dynamically changing ionization channels and the quan-
tum mechanical origin of the phases associated with these
channels. We obtain quantitative measurements of the interfer-
ence phase manifested in the ion-yield oscillations and investigate

Fig. 1. (a) Experimental setup showing XUV-APT beam, IR beams and the photo-fragment detection scheme. (b) XUV spectrum relative to the He atomic states in the absence
of external fields.

Fig. 2. (a) Temporal characterization of APT using IR induced continuum interferences that result in sidebands, (b) temporal width of XUV bursts obtained from the sideband
phases.
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its variation in terms of the evolution of the laser-dressed atomic
structure.

3.1. Interfering paths in the Floquet picture

We begin by describing interferences that occur in two-color
photoionization. Time-resolved pump–probe ionization measure-
ments, using APT consisting of sub-threshold harmonics and strong
IR fields, by us (Fig. 3(a)) and others [15,16] show that Heþ ion
yield oscillates as a function of time delay with half-IR-cycle peri-
odicity. This has been interpreted as interference between wave
packets generated by successive bursts in the APT [15,17,13]. Here,
we explain the mechanisms underlying this interference process
using a Floquet interaction picture [18].

The dynamics of an atom in a periodic external field are
governed by the following time-dependent Schrödinger equation
(in atomic units):

i
owðtÞ

ot
¼ ½H0 þ VðtÞ�wðtÞ

H0 is the field free atomic potential and VðtÞ is a periodic external
potential. In the Floquet formalism [18], the solution can be written
in the form

waðtÞ ¼ e�i�at
Xn¼þ1

n¼�1
e�inxt/a;n ð1Þ

where �a is the complex quasi-energy, and its imaginary part is
�C=2 with C the width (or ionization rate) of the Floquet states,
/a;n is the time-independent wavefunction for the nth Fourier com-
ponent of the a Floquet state and x is the frequency of the external
periodic field. Thus, in the presence of a laser field, electronic struc-
ture can be conveniently described by Floquet states, where each
bound state is associated with many one-photon (x) spaced side-
bands or Fourier components. As an example, the Floquet manifold
corresponding to the 2p atomic state is shown in Fig. 3(b).

If the XUV APT arrives at a time delay s relative to the IR field,
we can write the XUV field as

Ex ¼
Z

f ðxxÞe�ixxðtþsÞdxx ð2Þ

where f ðxxÞ represents the energy content of the XUV pulse (i.e.,
the high-harmonic spectral amplitude). If the external field is strong
enough to modify the excited and continuum states, but weak

enough not to perturb the ground state, the transition amplitude
from the ground state to a Floquet state in the IR field can be writ-
ten as

Mg!a ¼
Z

waðtÞ zExj jwgðtÞ
� �

dt ð3Þ

Substituting for waðtÞ from Eq. (1) and Ex from Eq. (2) and imple-
menting integration, we obtain the transition probability as

PaðsÞ ¼
X

n

/an zj j/g

� �
f ðxnÞe�ixns

�����
�����

2

ð4Þ

where f ðxnÞ is the XUV field strength at the energy corresponding
to the nth Fourier component of the excited Floquet state, namely
at energy xn ¼ Reð�aÞ þ nx� �g .

In the case of only two harmonics causing atomic excitation, we
have only two non-zero matrix elements. For example, the 13th
and 15th harmonics used in our experiment cause transitions to
n = 0 and n = 2 components of the 2p Floquet manifold shown in
Fig. 3(b). In such a case, the transition probability of Eq. (4) can
be simply expressed as

PðsÞ ¼ M0f0 þM2f2e�ið2xsþ/Þ�� ��2 ð5Þ

where M0 and M2 are the two transition matrix elements and f0 and
f2 are the strengths of the two harmonics at the energies corre-
sponding to the n = 0 and n = 2 components of a given Floquet state.
The matrix elements are real and can either be positive or negative.
The relative sign of matrix elements is included in this expression
through /, which can take values 0 or p.

Eq. (5) represents two excitation paths and the interference be-
tween these two paths modulates the excitation probability with
time delay at 2x frequency [19,20]. The ionization probability,
which is proportional to the excitation probability, thus also exhib-
its an oscillatory variation at 2x or half-cycle periodicity with
time-delay. This explains the origin of ion and electron yield
oscillations and also provides an avenue to obtain quantitative
information about the phases of different ionization channels.

3.2. Intensity dependent ionization channels: simulation

The two-color (XUV + IR) ionization channels are dynamically
dependent on the strength of the IR field acting on the atom. This
intensity dependence of ionization channels can be understood

Fig. 3. (a) The He ionization yield measured using APT and IRp pulses as a function of time delay between them. The intensity of IRp was �2 TW cm�2. (b) Laser dressed
Floquet manifold corresponding to the 2p state and the two harmonics used in our experiment. The interference between two Fourier paths separated by 2x explains the
observed half-cycle oscillations in the ionization yield.
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from Fig. 4, which plots photoabsorption cross sections of Helium
atom as a function of XUV photon energy at four laser intensities
(Fig. 4 (a)). The 13th and 15th harmonics are also shown. The
photoabsorption cross section plots were calculated using the
method described in [21]. Fig. 4 (b) shows XUV� IRp time delay
dependent photoelectron energy distributions obtained by TDSE
simulations for the same four intensities and harmonic spectrum.

In Fig. 4(a), the green line shows the structures that develop in
the absorption cross section due to the presence of the IR field.
Even for a moderately strong IR field, atomic states get shifted
and broadened and new structures develop. For example, as the
intensity is increased, the 2p state which is located at 21.2 eV in
the unperturbed atom, gets shifted towards lower energies and
develops into multiple peaks. Similarly, the 4p and 5p states get
ponderomotively shifted to higher energies and get broadened as
the intensity is increased. Thus, from Fig. 4(a) it is apparent that
even under moderately intense laser fields (�1012 W cm�2), the
discrete atomic resonances evolve into a complicated structure.

As a result of the intensity dependent modification of atomic
structure, with change of IR laser intensity, different ionization

channels dominate the ionization process at different intensities.
At the highest intensity, the 2p structure is resonant with the
13th harmonic and dominates photoabsorption. However, at the
lowest intensity, the 2p structure is non-resonant. In this case,
the 4p and 5p structures which are resonant with the 15th har-
monic can dominate the photoabsorption.

Fig. 4(b) shows that the photoelectron yields oscillate with
XUV� IRp time delay at the expected 2x frequency. At each inten-
sity, many Floquet ionization channels are active and they exhibit
different oscillation phase. At the highest intensity, the Floquet
channel mediated by the 2p resonance producing photoelectrons
with 0.69 eV energy is dominant. In terms of the multiphoton pic-
ture, this represents three-photon ionization of the XUV excited 2p
state. Thus, we label this as the 2pþ 3x channel. At the lowest
intensity, we note that the 5pþ 1x channel becomes dominant
and the 2pþ 3x channel is almost closed. The 4pþ 1x channel
also provides substantial contribution to ionization at lower inten-
sities. This switching between dominant ionization channels
agrees with the laser induced modification of atomic structure in
Fig. 4(a).

(a) (b)

Fig. 4. (a) Calculated XUV photoabsorption cross-section in atomic units as a function of photon energy at four IR intensities and the high-harmonic spectrum showing the
13th and 15th harmonics. Field-free atomic states are shown as vertical lines. (b) TDSE simulation results showing time-resolved photoelectron spectra for the high harmonic
spectrum used in our experiment at the four probe IR intensities. The white line marks time-delay zero and helps in identifying the phase of the electron yield oscillations. The
labels on the right identify the origin of photoelectrons in terms of the intermediate atomic state.

142 N. Shivaram et al. / Chemical Physics 414 (2013) 139–148



108

Importantly, the delay-dependent 2x oscillations in Fig. 4(b)
show that the 2pþ 3x channel and the 5pþ 1x channel exhibit
a peak ionization at zero time delay, whereas the 4pþ 1x channel
exhibits a minimum at zero time delay. This indicates that the
quantum phase difference between Fourier components, repre-
sented by / in Eq. (5) is different for different ionization channels.
The value of / for both the 2pþ 3x channel and the 5pþ 1x chan-
nel is 0 (or 2p), whereas for the 4pþ 1x channel (at 0.72 eV) it is p.
The phases associated with different ionization channels are
summarized in Table 1.

As mentioned above, the values of / for the 4p and 5p Floquet
channels are p and 0 respectively. This difference is intriguing
since the unperturbed 4p and 5p states are close lying Rydberg
states with similar properties. In order to gain more insight into
this difference in the values of / for the 4p and 5p states, we per-
form theoretical calculations of / in XUV + IR photo-ionization at
two IR wavelengths. In this calculation, the XUV field is given
by

E�x ¼ cosðxxtÞ � cosððxx � 2xÞtÞ ð6Þ

where x is the frequency of the IR field. For this case, from Eq. (5),
the probability of ionization is given by

PðsÞ� ¼ Mx �Mx�2e�ið2xsþ/Þ�� ��2 ð7Þ

Mx and Mx�2 are the matrix elements of transitions induced by the
xx and xx � 2x photons respectively. Also, PðsÞþ is the ionization
probability corresponding to Eþx and PðsÞ� is the ionization probabil-
ity corresponding to E�x .

Table 1
The phase difference / between transition matrix elements
to Fourier components of Floquet states for the three cases
relevant to our measurements.

Floquet state Phase

2p 0, 2p
4p p
5p 0, 2p

Fig. 5. (a) Phase difference between matrix elements of transitions induced by two harmonics of frequency xx and xx—2x as a function of xx and IR intensity for an IR
wavelength of 785 nm. (b) The phase difference plot for an IR wavelength of 700 nm. The n ¼ 0 and n ¼ �2 Fourier components of the 4p and 5p Floquet states are also
shown. The slanted red line starting from 24.6 eV represents the ionization threshold.
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To obtain / as a function of xx and IR laser intensity, we define

SðxxÞ ¼
Pþ � P�

jPþ � P�j
ð8Þ

which takes values +1 or �1. Pþ and P� are the ionization probabil-
ities at zero time-delay. Since the phase / is 0 or p, we can extract /
by plotting ð1� SÞp=2 as a function of xx and IR intensity.

As mentioned earlier, the unperturbed 4p and 5p state wave-
functions are expected to have similar properties. At low intensi-
ties, the n ¼ 0 Fourier components of the 4p and 5p Floquet states
also behave similarly. Hence, we make a hypothesis that the differ-
ence in values of / for the 4p and 5p Floquet states may arise from a
difference in the properties of the wavefunctions of their n ¼ �2
components. To test this hypothesis, we plot the phase / obtained
using the procedure described above, at two different IR wave-
lengths - 785 nm and 700 nm. Changing the wavelength of the IR
field allows us to change the energy location of the n ¼ �2 Fourier
component while keeping the n ¼ 0 component fixed, for a given
Floquet state. Fig. 5 shows a plot of phase / as a function of xx

and IR intensity for the two IR wavelengths. It should be noted that
in this figure, the phase at a given xx is the phase difference
between excitation matrix elements (Mx and Mx�2) for photon ener-
gies of xx and xx � 2x. The location of the n ¼ 0 and n ¼ �2 Fourier
components of the 4p and 5p Floquet states at the lowest intensity
of 1 TW cm�2 are also shown in Fig. 5. As the intensity is increased,
due to the ponderomotive effect, these Floquet states shift upwards
in energy, parallel to the slanted red line which represents the ion-
ization threshold. By comparing Figs. 5(a) and 5(b) at intensities of a
few TW cm�2, it can be seen that the phase / for the 5p Floquet
state changes from zero at an IR wavelength of 785 nm to p at an
IR wavelength of 700 nm. This indicates that the location of the
n ¼ �2 Fourier component and hence the spatial properties of its

wavefunction influence the value of the phase / for the 5p Floquet
state. Similarly, a difference in the values of / for the 4p and 5p
Floquet states at an IR wavelength of 785 nm (Figs. 5 (a) and 4
(b)) could arise from a difference in the spatial properties of the
wavefunctions of their n ¼ �2 Fourier components which critically
depends on their energy location. Further experiments and simula-
tions are necessary to obtain a better understanding of the nature of
Floquet state wavefunctions and shed more light on the origin of
the phases discussed here.

We now discuss our experimental measurements which serve
to identify the different ionization channels and allow us to obtain
the phases associated with these channels. An IR wavelength of
785 nm has been used in these experiments.

3.3. Intensity dependent ionization channels: experiment

Two-color ionization channels are identified by the dominant
Floquet state mediating the ionization. We identify the active Flo-
quet channels using photoelectron spectroscopy at various probe
peak intensities. The observed photoelectron peaks in Fig. 6 are
associated with IR ionization of XUV excited 5p, 4p and 2p atomic
states. At low intensities, the ionization is mediated by the 5p Flo-
quet state, and we observe a strong peak corresponding to 5pþ 1x
ionization. This is expected as the 15th harmonic is initially reso-
nant with the 5p state. As the intensity is increased, the 4pþ 1x
starts contributing as it comes into resonance at higher intensity.
At even higher intensities the 2pþ 3x channel dominates the ion-
ization signal. This observation is completely consistent with the
simulated absorption cross section and photoelectron plots of
Fig. 4.

The angle-resolved photoelectron images in Fig. 6(b) show
that as intensity is increased towards 3.4 TW cm�2, side lobes

(a) (b)

Fig. 6. (a) Experimental XUV+IRp photoelectron spectrum of He at different IRp intensities. As the intensity is increased the 2pþ 3x peak becomes dominant. (b)
Experimental angular distributions of photo-electrons at different IRp intensities.
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corresponding to the ‘g-wave’ structure appear in the innermost
photoelectron ring corresponding to the 2pþ 3x channel. This is
another indication of the 3 IR-photon ionization of the XUV excited
2p state. Thus, the results from Fig. 6 confirm that the dominant two-
color ionization pathway changes from the 5p-mediated ionization
at low intensities to 2p-mediated ionization signal at higher
intensities.

3.4. Phase measurement from the ion-yield oscillations

The ionization probability corresponding to each Floquet chan-
nel is described by Eq. (5) with the equality sign replaced by pro-
portionality. Hence, each ionization channel should lead to 2x
oscillations in the yield and the phase / in the interference term
of Eq. (5) will dictate the exact delay dependence of the ionization
signal. We extract this phase term for different ionization channels
from the total ion-yield and establish a quantitative relationship
between the strong-field variation of atomic structure and the
phase of ion-yield oscillations.

The experimental measurement of the phase of ion-yield oscil-
lations is often complicated by interferometric drifts and experi-
mental fluctuations. We find that a much more sensitive way to
measure the phase of oscillations is by referencing it to another
signal. We generate this reference signal by creating an interfer-
ence between two IR pulses which results in an additional modu-
lation in the ion-yield. One of the IR pulses is the probe pulse IRp.
The second pulse, IRd in Fig. 1(a), is obtained by allowing the HHG-
driving IR pulse to copropagate with the harmonics exiting the
waveguide. This driver IRd propagates to the interaction chamber,
where it focuses to an intensity of � 1010 W cm�2. The driver IR
pulse (IRd) is phase locked to the APT due to the mechanism of
generation. Fig. 7 (a) defines the relative timing of the XUV and
IR pulses used in our experiment and theoretical model. The inter-
ference between two IR fields leads to a net IR intensity modula-
tion at x frequency (Fig. 7 (b)). The phase of 2x ionization signal
can be robustly measured relative to this 1x modulation.

Before proceeding further, it is appropriate to revisit our Floquet
interaction model and include the effect of the driver IR field in the

equations. For the configuration shown in Fig. 7 (a) the probe IR
field, driver IR field and the net IR field respectively can be written as

Ep ¼ Ap cosðxtÞ
Ed ¼ Ad cosðxt þxsÞ
Enet ¼

ffiffiffiffiffiffiffiffi
IðsÞ

p
cosðxt þ dðsÞÞ ð9Þ

where

IðsÞ ¼ A2
p þ A2

d þ 2ApAd cosðxsÞ ð10Þ

and

dðsÞ ¼ arcsinðAd sinðxsÞ=
ffiffiffiffiffiffiffiffi
IðsÞ

p
Þ

The XUV field in this configuration becomes

Ex ¼
Z

f ðxxÞe�ixxðtþsþd0=xÞdxx

where d0=x is the time at which the attosecond bursts are locked
with respect to the peak of IRd as they come out of the gas-filled
waveguide. The d0 term thus provides the absolute timing of the
attosecond pulses.

Proceeding as before, we can calculate the photoexcitation
probability for the case of two dominant harmonics (13th and
15th) and hence the ionization probability is obtained as

PðsÞ / M0f0 þM2f2e�ið2xsþ2d0�2dðsÞþ/Þ�� ��2 ð11Þ

Note that the matrix elements depend on the net IR intensity (IðsÞ),
which modulates at a frequency of x (Fig. 7(b)). Hence we can write
M2

0 / IðsÞa and M2
2 / IðsÞb where a and b are real numbers. Using the

approximation that Ad=Ap � 1 and retaining the oscillatory first or-
der terms, Eq. (11) can be written as

PðsÞ ¼ 2a
Ad

Ap
cosðxsÞ þ 2R cosð2xsþ 2d0 þ /Þ

þ R
Ad

Ap
ðaþ bþ 2Þ cosðxsþ 2d0 þ /Þ

þ R
Ad

Ap
ðaþ b� 2Þ cosð3xsþ 2d0 þ /Þ ð12Þ

Fig. 7. (a) The timing relationship between the APT, driving IR field (IRd) and probe IR field (IRp). The absolute timing of attosecond bursts d0 is defined relative to the peak of
the driving field. (b) The net IR intensity variation at the timing of XUV burst for the case of two IR pulses. The intensity modulation at x acts as a reference in our experiment.
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where R � ðM2=M0Þ is the ratio of average or dc value of the two
matrix elements. f0 and f2 have been ignored.

From absorption cross section calculations [21], typically,
R2 � ðM2=M0Þ2 6 10�3 for the intensity range used in our experi-
ments. Using these numbers along with Ad=Ap 6 0:1, it can be seen
that the first two terms in Eq. (12) are the dominant terms. The last
two terms contain a product of R and Ad=Ap and are at least an
order of magnitude weaker. Ignoring the last two terms, Eq. (12)
is reduced to the following simplified expression for the probabil-
ity of ionization

PðsÞ ¼ P1 cosðxsÞ þ P2 cosð2xsþ 2d0 þ /Þ ð13Þ

P1 and P2 are the amplitudes of the two frequencies in the signal. As
before, the relative sign of matrix elements is included in this
expression through /, which can take values 0 or p. Next, we will
obtain the value of / for various Floquet channels active in the
two-color ionization process. The term d0 is also of interest as it pro-
vides the absolute timing of XUV bursts.

Fig. 8(a) shows the experimental measurements of normalized
Heþ ion-yield as a function of the time delay between APT+IRd and
probe IRp at different probe intensities. The experimental data
shows distinct oscillation structure with one-cycle (1x) and half-cy-
cle (2x) variations. Fig. 8(b) plots the Fourier transform amplitudes
of the experimental data shown in Fig. 8a) and serves to confirm that
only 1x and 2x frequencies are present in our ionization signal. The
ionization probability given by Eq. (13) also implies periodic varia-
tion at x and 2x frequencies indicating that our model correctly
captures the essence of the XUV + 2IR ionization process.

The 2x oscillation component in Fig. 8 is due to quantum inter-
ference between Fourier components of Floquet states. The one-
cycle variation is due to the net IR intensity modulation at x
frequency. Thus, from Fig. 8, we obtain sensitive measurements
of the phase / of ionization channels active at different intensities
using the 1x modulation as a reference.

Importantly, the oscillatory structure in Fig. 8 at two probe
intensities, namely, 1.4 TW cm�2 and 3.4 TW cm�2 is very different.
The asymmetric double-peak structure at 1.4 TW cm�2 shows the

left-peak to be higher, whereas, at 3.4 TW cm�2 the situation is
reversed and the right-peak is higher. This difference in oscillation
structure is a direct manifestation of the change in phase relation-
ship between the 2x and 1x components. This change is attributed
to the shift in the value of / as dominant ionization channels
change with intensity.

We can use Eq. (13) to fit the ion-yield oscillations shown in
Fig. 8a) and obtain the value of / at each intensity. The solid lines
in Fig. 8(a) show the fits for four probe IR intensities 0.7 TW cm�2,
1.4 TW cm�2, 2.3 TW cm�2 and 3.4 TW cm�2. From the fits we ob-
tain /þ 2d0 values at each intensity. The phase 2d0 represents a
constant offset due to the non-zero timing of attosecond bursts rel-
ative to the driver IR field (Fig. 7(a)). We can use information from
simulations to remove this constant offset and extract the depen-
dence of phase / on intensity. Referring back to Fig. 4, we notice
that at the highest intensity of 3.4 TW cm�2, the 2p Floquet chan-
nel strongly dominates the ionization and corresponds to phase
/ ¼ 0 between interfering ionization paths of two harmonics
(Table 1). Hence, the value of /þ 2d0 obtained from the fit to the
3.4 TW cm�2 data is basically just a measure of the offset 2d0.
The experimental fit to the 3.4 TW cm�2 data in Fig. 8(a) thus pro-
vides 2d0 ¼ �2:4 radian. We subtract this value from the /þ 2d0

values at all intensities and plot / as a function of intensity in
Fig. 9. The phases obtained from TDSE simulations at intensities
similar to the experimental intensities are also shown. Insets in
Fig. 9 plot the TDSE results of the ion yield oscillations in the pres-
ence of XUV and IRp pulses as a function of time delay for two IRp

intensities (3.4 TW cm�2 and 1.5 TW cm�2). The experimentally
extracted phases in Fig. 9 agree well with the phases predicted
by simulations. The considerable deviation of the experimental
phase value at the lowest intensity of 0.7 TW cm�2 from the theo-
retically expected value of 2p can be attributed to errors in phase
extraction arising due to the weak 2x signal in the experimental
ion yield oscillations (Fig. 8, red curve).

The variation of phase in Fig. 9 can now be related to the inter-
ference term for different ionization channels. At high intensity
(3.4 TW cm�2), the 2p resonance mediated ionization channel is

Fig. 8. (a) Normalized Heþ ion-yield oscillations for XUV and 2IR pulses (driver and probe) at different probe peak intensities. Note that the asymmetry in the double peak
oscillation structure is reversed between 1.4 TW cm�2 and 3.4 TW cm�2. Also shown are the fits of Eq. (13) to these signals. (b) The Fourier transform amplitudes of the
experimental signals shown in (a). Distinct 1x and 2x peaks are visible in the Fourier transform. The amplitudes have been normalized to the amplitude of the 1x peak at
each intensity.
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dominant and the oscillation of this channel has zero phase. In
this case the quantum phase / between the M0 and M2 transition
matrix elements in Eq. (5) or (11) is zero. In other words, 13th
and 15th harmonic induced transitions to the Floquet compo-
nents associated with 2p excitation are ‘in-phase’ (Fig. 3(b)). As
intensity decreases, the 4p channel starts contributing substan-
tially. The oscillations in this channel are out of phase with the
2p contribution. In terms of the Floquet transitions, the 13th
and 15th harmonic transition matrix elements to the components
of 4p Floquet state have opposite signs. At very low intensity, the
5p ionization starts dominating and oscillates with the same
phase as 2p (i.e., 0 or 2p). In our experiment (Fig. 9), as the inten-
sity decreases, we observe a change in phase of ion-yield oscilla-
tion, going from zero when 2p is dominant, through p where 4p
contributes substantially, and eventually towards 2p where 5p
dominates.

3.5. Absolute timing of atto-bursts

The above analysis provides a crucial piece of information that
our XUV bursts are locked at a phase of d0 ¼ �1:2 radian. This trans-
lates to an absolute time difference of 500 attoseconds from the
nearest positive peak of the driver IR field. It is important to note
that this absolute timing information is often missing in XUV + IR
experiments. To extract the absolute timing, complex energy-
resolved electron measurements are often required [22,23]. Using
2IR pulses in two-color ionization, we have obtained the absolute
timing of attosecond bursts directly from the ion-yield measure-
ment in XUV + IR photoionization of Helium. A major simplification
in our method is that it is purely based on ion-counting and does
not require complicated energy-resolved measurements of
electrons.

Our conclusions on the absolute timing of XUV bursts can be
verified by a simple calculation of classical trajectories for near-
cutoff harmonic emission in Xenon [2]. We find that the 15th har-
monic short trajectory return is at 250 degree phase relative to the
negative peak of the IR field. In our measurement, the recollision
time corresponding to 250 degree phase agrees well with attosec-
ond burst located 500 attoseconds from the positive peak of the
driver IR field. Furthermore, our measurement of the XUV burst

timing relative to the IR field is also in qualitative agreement with
the experimental results reported in Ref. [23].

4. Summary

Our theoretical and experimental work represents a detailed
measurement of XUV + IR ionization dynamics. Floquet theory pro-
vides a crucial insight into these complex dynamics and explains
the mechanisms underlying the quantum interferences in ioniza-
tion. The knowledge of switching between ionization channels
and the accompanying quantum phases opens new avenues for
control of photoionization in the presence of strong fields. A strong
field with appropriately tuned intensity and timing can be used to
control the interfering matrix elements and hence yield and spec-
tral content of the photoelectrons emitted from an atom. A recent
paper [12] on XUV transparency in strong fields is also based on
some of these ideas. One can envision extending these concepts
to study of molecular excited states which present a richer and
more complex system.

Our work also highlights the fact that even a moderately strong
IR field can substantially alter the ionization dynamics. It should be
noted that strong field IR pulses are often required in attosecond
experiments to obtain statistically useful signal. As an estimate,
each HHG based XUV pulse only prepares countably few interest-
ing excited atoms/molecules in the focal volume. To ensure that
all of this excited sample is indeed probed, the probe needs to have
a high flux. Typical probe peak intensities in the range of
1012 W cm�2 are often used. Moreover, moderately strong fields
are also used in molecular attoscience experiments for alignment,
orientation and recollision purposes. Thus, it is pertinent to ques-
tion how these fields affect the dynamics under investigation.
Our work quantitatively measures the dynamic changes in atomic
structure and shows that the ionization paths change with inten-
sity and each path has a specific phase associated with it. The
knowledge of this dynamic structure and associated phase varia-
tion is crucial to understand the dynamics and to devise new
control strategies in attoscience.

Acknowledgement

This work was supported by the National Science Foundation
grant PHY-0955274.

References

[1] F. Krausz, M. Ivanov, Rev. Mod. Phys. 81 (2009) 163.
[2] P.B. Corkum, Phys. Rev. Lett. 71 (1993) 1994.
[3] S. Haessler, B. Fabre, J. Higuet, J. Caillat, T. Ruchon, P. Breger, B. Carre, E.

Constant, A. Maquet, E. Mevel, P. Salieres, R. Taieb, Y. Mairesse, Phys. Rev. A 80
(2009).

[4] A.S. Sandhu, E. Gagnon, R. Santra, V. Sharma, W. Li, P. Ho, P. Ranitovic, C.L.
Cocke, M.M. Murnane, H.C. Kapteyn, Science 322 (2008) 1081.

[5] H. Wang, M. Chini, S.Y. Chen, C.H. Zhang, F. He, Y. Cheng, Y. Wu, U. Thumm, Z.H.
Chang, Phys. Rev. Lett. 105 (2010) 143002.

[6] P. Eckle, A.N. Pfeiffer, C. Cirelli, A. Staudte, R. Dorner, H.G. Muller, M. Buttiker,
U. Keller, Science 322 (2008) 1525.

[7] A.T.J.B. Eppink, D.H. Parker, Rev. Sci. Instrum. 68 (1997) 3477.
[8] N. Shivaram, A. Roberts, L. Xu, A. Sandhu, Opt. Lett. 35 (2010) 3312.
[9] P.M. Paul, E.S. Toma, P. Breger, G. Mullot, F. Auge, P. Balcou, H.G. Muller, P.

Agostini, Science 292 (2001) 1689.
[10] H.G. Muller, Appl. Phys. B: Lasers Opt. 74 (2002) S17.
[11] M. Swoboda, T. Fordell, K. Klunder, J.M. Dahlstrom, M. Miranda, C. Buth, K.J.

Schafer, J. Mauritsson, A. L’Huillier, M. Gisselbrecht, Phys. Rev. Lett. 104 (2010)
103003.

[12] P. Ranitovic, X.M. Tong, C.W. Hogle, X. Zhou, Y. Liu, N. Toshima, M.M. Murnane,
H.C. Kapteyn, Phys. Rev. Lett. 106 (2011) 193008.

[13] M. Holler, F. Schapper, L. Gallmann, U. Keller, Physical Rev. Lett. 106 (2011)
123601.

[14] L.H. Haber, B. Doughty, S.R. Leone, Phys. Rev. A 79 (2009) 031401.
[15] P. Johnsson, J. Mauritsson, T. Remetter, A. L’Huillier, K.J. Schafer, Phys. Rev. Lett.

99 (2007) 233001.
[16] P. Ranitovic et al., New J. Phys. 12 (2010) 013008.

Fig. 9. The experimental values of the phase / obtained from the fits of Eq. (13) to
the data in Fig. 8(a) at four different IR intensities. The phases obtained from TDSE
simulations at similar intensities are also shown.The phase is 0 for the highest
intensity where 2p Floquet state is dominant and changes towards 2p at lower
intensities where 5p becomes dominant. Insets show the TDSE simulation of the net
ionization yield in the presence of XUV and IRp fields as a function of time delay at
two different IRp intensities (3.4 TW cm�2 and 1.5 TW cm�2).

N. Shivaram et al. / Chemical Physics 414 (2013) 139–148 147



113

[17] P. Riviere, O. Uhden, U. Saalmann, J.M. Rost, New J. Phys. 11 (2009) 053011.
[18] S.I. Chu, D.A. Telnov, Phys. Rep. 390 (2004) 1.
[19] X.M. Tong, P. Ranitovic, C.L. Cocke, N. Toshima, Phys. Rev. A 81 (2010)

021404.
[20] X.M. Tong, N. Toshima, Phys. Rev. A 81 (2010) 043429.

[21] X.M. Tong, N. Toshima, Phys. Rev. A 81 (2010) 063403.
[22] L.C. Dinu, H.G. Muller, S. Kazamias, G. Mullot, F. Auge, P. Balcou, P.M. Paul, M.

Kovacev, P. Breger, P. Agostini, Phys. Rev. Lett. 91 (2003) 063901.
[23] S.A. Aseyev, Y. Ni, L.J. Frasinski, H.G. Muller, M.J.J. Vrakking, Phys. Rev. Lett. 91

(2003) 223902.

148 N. Shivaram et al. / Chemical Physics 414 (2013) 139–148



114

APPENDIX F

LIST OF PUBLICATIONS (CO)AUTHORED BY N. H. SHIVARAM

Peer-reviewed publications:

1. Niranjan Shivaram, Henry Timmers, Xiao-Min Tong and Arvinder Sandhu, “Pho-

toionization dynamics in the presence of attosecond pulse trains and strong fields”,

Chemical Physics 414, 139 (2013).

2. Henry Timmers, Niranjan Shivaram, and Arvinder Sandhu, “Ultrafast Dynamics

of Neutral Superexcited Oxygen: A Direct Measurement of the Competition between

Autoionization and Predissociation”, Physical Review Letters 109, 173001 (2012).

3. Niranjan Shivaram, Henry Timmers, Xiao-Min Tong and Arvinder Sandhu, “Mea-

surement of the absolute timing of attosecond XUV bursts with respect to the driving

field”, Physical Review A 85, 051802(R) (2012).

4. Niranjan Shivaram, Henry Timmers, Xiao-Min Tong and Arvinder Sandhu,

“Attosecond-Resolved Evolution of a Laser-Dressed Helium Atom: Interfering Exci-

tation Paths and Quantum Phases”, Physical Review Letters 108, 193002 (2012).

5. Niranjan Shivaram, Henry Timmers, Xiao-Min Tong and Arvinder Sandhu, “Ob-

serving the Real-Time Evolution of Helium Atoms in a Strong Laser Field”, Mul-

tiphoton Processes and Attosecond Physics, Proceedings of the 12th International

Conference on Multiphoton Processes (ICOMP12) and the 3rd International Con-

ference on Attosecond Physics (ATTO3) (2012).

6. Derek Huang, Henry Timmers, Adam Roberts, Niranjan Shivaram, and Arvinder

S. Sandhu, “A low-cost spatial light modulator for use in undergraduate and graduate



115

optics labs”, American Journal of Physics 80, 211 (2012).

7. Niranjan Shivaram, Henry Timmers, Lei Xu, Adam Roberts and Arvinder

Sandhu, “Gouy-phase gating of two-color ionization to uncover attosecond struc-

ture”, Ultrafast Phenomena XVII, Proceedings of the 17th International Conference,

Snowmass, Colorado (2011).

8. Niranjan Shivaram, Adam Roberts, Lei Xu, and Arvinder Sandhu, “In-situ spatial

mapping of Gouy phase slip for high-detail attosecond pump-probe measurements”,

Optics Letters 35, 3312 (2010).

9. Adam Roberts, Niranjan Shivaram, Lei Xu and Arvinder Sandhu, “Optimization

of few-cycle pulse generation: Spatial size, mode quality and focal volume effects in

filamentation based pulse compression”, Optics Express 17, 23894 (2009).



116

REFERENCES

[1] Agostini, P., F. Fabre, G. Mainfray, G. Petite, and N. K. Rahman (1979).

Free-Free Transitions Following 6-Photon Ionization of Xenon Atoms. Physical

Review Letters, 42(17), pp. 1127–1130.

[2] Alber, G., H. Ritsch, and P. Zoller (1986). Generation and Detection of Rydberg

Wave-Packets by Short Laser-Pulses. Physical Review A, 34(2), pp. 1058–1064.

[3] Ammosov, M. V., N. B. Delone, and V. P. Krainov (1986). Tunnel Ionization of

Complex Atoms and Atomic Ions in a Varying Electromagnetic-Field. Zhurnal

Eksperimentalnoi I Teoreticheskoi Fiziki, 91(6), pp. 2008–2013.

[4] Aseyev, S. A., Y. Ni, L. J. Frasinski, H. G. Muller, and M. J. J. Vrakking

(2003). Attosecond angle-resolved photoelectron spectroscopy. Physical Review

Letters, 91(22).

[5] Baggesen, J. C. and L. B. Madsen (2010). Polarization Effects in Attosecond

Photoelectron Spectroscopy. Physical Review Letters, 104(4).

[6] Brabec, T. and F. Krausz (2000). Intense few-cycle laser fields: Frontiers of

nonlinear optics. Reviews of Modern Physics, 72(2), pp. 545–591.

[7] Choi, N. N., T. F. Jiang, T. Morishita, M. H. Lee, and C. D. Lin (2010).

Theory of probing attosecond electron wave packets via two-path interference

of angle-resolved photoelectrons. Physical Review A, 82(1).

[8] Christov, I. P., J. Zhou, J. Peatross, A. Rundquist, M. M. Murnane, and H. C.

Kapteyn (1996). Nonadiabatic effects in high-harmonic generation with ultra-

short pulses. Physical Review Letters, 77(9), pp. 1743–1746.



117

[9] Chu, S. I. and D. A. Telnov (2004). Beyond the Floquet theorem: generalized

Floquet formalisms and quasienergy methods for atomic and molecular mul-

tiphoton processes in intense laser fields. Physics Reports-Review Section of

Physics Letters, 390(1-2), pp. 1–131.

[10] Cooper, J. W. (1962). Photoionization from Outer Atomic Subshells - Model

Study. Physical Review, 128(2), pp. 681–.

[11] Corkum, P. B. (1993). Plasma Perspective on Strong-Field Multiphoton Ion-

ization. Physical Review Letters, 71(13), pp. 1994–1997.

[12] Corkum, P. B., N. H. Burnett, and F. Brunel (1989). Above-Threshold Ion-

ization in the Long-Wavelength Limit. Physical Review Letters, 62(11), pp.

1259–1262.

[13] Dinu, L. C., H. G. Muller, S. Kazamias, G. Mullot, F. Auge, P. Balcou, P. M.

Paul, M. Kovacev, P. Breger, and P. Agostini (2003). Measurement of the sub-

cycle timing of attosecond XUV bursts in high-harmonic generation. Physical

Review Letters, 91(6).

[14] Dudovich, N., O. Smirnova, J. Levesque, Y. Mairesse, M. Y. Ivanov, D. M.

Villeneuve, and P. B. Corkum (2006). Measuring and controlling the birth of

attosecond XUV pulses. Nature Physics, 2(11), pp. 781–786.

[15] Durfee, C. G., A. R. Rundquist, S. Backus, C. Herne, M. M. Murnane, and

H. C. Kapteyn (1999). Phase matching of high-order harmonics in hollow

waveguides. Physical Review Letters, 83(11), pp. 2187–2190.

[16] Eppink, A. T. J. B. and D. H. Parker (1997). Velocity map imaging of ions and

electrons using electrostatic lenses: Application in photoelectron and photofrag-

ment ion imaging of molecular oxygen. Review of Scientific Instruments, 68(9),

pp. 3477–3484.



118

[17] Fabre, F., G. Petite, P. Agostini, and M. Clement (1982). Multi-Photon above-

Threshold Ionization of Xenon at 0.53 and 1.06-Mu-M. Journal of Physics

B-Atomic Molecular and Optical Physics, 15(9), pp. 1353–1369.

[18] Feng, S. M. and H. G. Winful (2001). Physical origin of the Gouy phase shift.

Optics Letters, 26(8), pp. 485–487.

[19] Goulielmakis, E., M. Uiberacker, R. Kienberger, A. Baltuska, V. Yakovlev,

A. Scrinzi, T. Westerwalbesloh, U. Kleineberg, U. Heinzmann, M. Drescher,

and F. Krausz (2004). Direct measurement of light waves. Science, 305(5688),

pp. 1267–1269.

[20] Gouy, L. G. (1890). Sur une propriete nouvelle des ondes lumineuses. C.R.

Acad. Sci. Paris, 110, p. 1251.

[21] Haber, L. H., B. Doughty, and S. R. Leone (2009). Continuum phase shifts and

partial cross sections for photoionization from excited states of atomic helium

measured by high-order harmonic optical pump-probe velocity map imaging.

Physical Review A, 79(3).

[22] Haber, L. H., B. Doughty, and S. R. Leone (2010). Time-resolved photoelectron

angular distributions and cross-section ratios of two-colour two-photon above

threshold ionization of helium. Molecular Physics, 108(7-9), pp. 1241–1251.

[23] Hentschel, M., R. Kienberger, C. Spielmann, G. A. Reider, N. Milosevic,

T. Brabec, P. Corkum, U. Heinzmann, M. Drescher, and F. Krausz (2001).

Attosecond metrology. Nature, 414(6863), pp. 509–513.

[24] Holler, M., F. Schapper, L. Gallmann, and U. Keller (2011). Attosecond Elec-

tron Wave-Packet Interference Observed by Transient Absorption. Physical

Review Letters, 106(12), p. 123601.

[25] Johnsson, P., J. Mauritsson, T. Remetter, A. L’Huillier, and K. J. Schafer

(2007). Attosecond control of ionization by wave-packet interference. Physical

Review Letters, 99(23), p. 233001.



119

[26] Kelkensberg, F., W. Siu, J. F. Perez-Torres, F. Morales, G. Gademann,

A. Rouzee, P. Johnsson, M. Lucchini, F. Calegari, J. L. Sanz-Vicario, F. Mar-

tin, and M. J. J. Vrakking (2011). Attosecond Control in Photoionization of

Hydrogen Molecules. Physical Review Letters, 107(4).

[27] Keller, U., G. W. Thooft, W. H. Knox, and J. E. Cunningham (1991). Fem-

tosecond Pulses from a Continuously Self-Starting Passively Mode-Locked Ti-

Sapphire Laser. Optics Letters, 16(13), pp. 1022–1024.

[28] Kienberger, R., M. Hentschel, C. Spielmann, G. A. Reider, N. Milosevic,

U. Heinzmann, M. Drescher, and F. Krausz (2002). Sub-femtosecond X-ray

pulse generation and measurement. Applied Physics B-Lasers and Optics, 74,

pp. S3–S9.

[29] Kienberger, R., M. Hentschel, M. Uiberacker, C. Spielmann, M. Kitzler,

A. Scrinzi, M. Wieland, T. Westerwalbesloh, U. Kleineberg, U. Heinzmann,

M. Drescher, and F. Krausz (2002). Steering attosecond electron wave packets

with light. Science, 297(5584), pp. 1144–1148.

[30] Kim, K. T., D. H. Ko, J. Park, N. N. Choi, C. M. Kim, K. L. Ishikawa, J. Lee,

and C. H. Nam (2012). Amplitude and Phase Reconstruction of Electron Wave

Packets for Probing Ultrafast Photoionization Dynamics. Physical Review Let-

ters, 108(9).

[31] Klunder, K., J. M. Dahlstrom, M. Gisselbrecht, T. Fordell, M. Swoboda,

D. Guenot, P. Johnsson, J. Caillat, J. Mauritsson, A. Maquet, R. Taieb, and

A. L’Huillier (2011). Probing Single-Photon Ionization on the Attosecond Time

Scale. Physical Review Letters, 106(14).

[32] Krause, J. L., K. J. Schafer, and K. C. Kulander (1992). High-Order Harmonic-

Generation from Atoms and Ions in the High-Intensity Regime. Physical Review

Letters, 68(24), pp. 3535–3538.



120

[33] Krausz, F. and M. Ivanov (2009). Attosecond physics. Reviews of Modern

Physics, 81(1), pp. 163–234.

[34] Kruit, P., J. Kimman, H. G. Muller, and M. J. Vanderwiel (1983). Electron-

Spectra from Multiphoton Ionization of Xenon at 1064, 532, and 355 Nm.

Physical Review A, 28(1), pp. 248–255.

[35] Lambropoulos, P. (1976). Topics on Multiphoton Processes in Atoms. Advances

in Atomic and Molecular Physics, 12, pp. 87–164.

[36] Lewenstein, M., P. Balcou, M. Y. Ivanov, A. Lhuillier, and P. B. Corkum (1994).

Theory of High-Harmonic Generation by Low-Frequency Laser Fields. Physical

Review A, 49(3), pp. 2117–2132.

[37] Lhuillier, A., X. F. Li, and L. A. Lompre (1990). Propagation Effects in High-

Order Harmonic-Generation in Rare-Gases. Journal of the Optical Society of

America B-Optical Physics, 7(4), pp. 527–536.

[38] Lhuillier, A., K. J. Schafer, and K. C. Kulander (1991). High-Order Harmonic-

Generation in Xenon at 1064-Nm - the Role of Phase Matching. Physical Review

Letters, 66(17), pp. 2200–2203.

[39] Lindner, F., G. G. Paulus, H. Walther, A. Baltuska, E. Goulielmakis, M. Lezius,

and F. Krausz (2004). Gouy phase shift for few-cycle laser pulses. Physical

Review Letters, 92(11).

[40] Macklin, J. J., J. D. Kmetec, and C. L. Gordon (1993). High-Order Harmonic-

Generation Using Intense Femtosecond Pulses. Physical Review Letters, 70(6),

pp. 766–769.

[41] Maine, P., D. Strickland, P. Bado, M. Pessot, and G. Mourou (1988). Gen-

eration of Ultrahigh Peak Power Pulses by Chirped Pulse Amplification. Ieee

Journal of Quantum Electronics, 24(2), pp. 398–403.



121

[42] Mairesse, Y., A. de Bohan, L. J. Frasinski, H. Merdji, L. C. Dinu,

P. Monchicourt, P. Breger, M. Kovacev, R. Taieb, B. Carre, H. G. Muller,

P. Agostini, and P. Salieres (2003). Attosecond synchronization of high-

harmonic soft x-rays. Science, 302(5650), pp. 1540–1543.

[43] Mairesse, Y. and F. Quere (2005). Frequency-resolved optical gating for com-

plete reconstruction of attosecond bursts. Physical Review A, 71(1).

[44] Marcatili, E. A. J. and R. A. Schmeltzer (1964). Hollow Metallic + Dielectric

Waveguides for Long Distance Optical Transmission + Lasers. Bell System

Technical Journal, 43(4P2), pp. 1783–+.

[45] Mauritsson, J., P. Johnsson, E. Gustafsson, A. L’Huillier, K. J. Schafer, and

M. B. Gaarde (2006). Attosecond pulse trains generated using two color laser

fields. Physical Review Letters, 97(1).

[46] Mauritsson, J., T. Remetter, M. Swoboda, K. Klunder, A. L’Huillier, K. J.

Schafer, O. Ghafur, F. Kelkensberg, W. Siu, P. Johnsson, M. J. J. Vrakking,

I. Znakovskaya, T. Uphues, S. Zherebtsov, M. F. Kling, F. Lepine, E. Benedetti,

F. Ferrari, G. Sansone, and M. Nisoli (2010). Attosecond Electron Spectroscopy

Using a Novel Interferometric Pump-Probe Technique. Physical Review Letters,

105(5).

[47] Mcpherson, A., G. Gibson, H. Jara, U. Johann, T. S. Luk, I. A. Mcintyre,

K. Boyer, and C. K. Rhodes (1987). Studies of Multiphoton Production of

Vacuum Ultraviolet-Radiation in the Rare-Gases. Journal of the Optical Society

of America B-Optical Physics, 4(4), pp. 595–601.

[48] Muller, H. G. (2002). Reconstruction of attosecond harmonic beating by in-

terference of two-photon transitions. Applied Physics B-Lasers and Optics, 74,

pp. S17–S21.

[49] Parker, J. and C. R. Stroud (1986). Coherence and Decay of Rydberg Wave-

Packets. Physical Review Letters, 56(7), pp. 716–719.



122

[50] Paul, P. M., E. S. Toma, P. Breger, G. Mullot, F. Auge, P. Balcou, H. G.

Muller, and P. Agostini (2001). Observation of a train of attosecond pulses

from high harmonic generation. Science, 292(5522), pp. 1689–1692.

[51] Protopapas, M., C. H. Keitel, and P. L. Knight (1997). Atomic physics with

super-high intensity lasers. Reports on Progress in Physics, 60(4), pp. 389–.

[52] Ranitovic, P., X. M. Tong, B. Gramkow, S. De, B. DePaola, K. P. Singh,

W. Cao, M. Magrakvelidze, D. Ray, I. Bocharova, H. Mashiko, A. Sandhu,

E. Gagnon, M. M. Murnane, H. C. Kapteyn, I. Litvinyuk, and C. L. Cocke

(2010). IR-Assisted Ionization of Helium by Attosecond XUV Radiation. New

Journal of Physics, 12, p. 013008.

[53] Ranitovic, P., X. M. Tong, C. W. Hogle, X. Zhou, Y. Liu, N. Toshima, M. M.

Murnane, and H. C. Kapteyn (2011). Controlling the XUV Transparency of

Helium Using Two-Pathway Quantum Interference. Physical Review Letters,

106(19), p. 193008.

[54] Reiss, H. R. (2010). Unsuitability of the Keldysh parameter for laser fields.

Physical Review A, 82(2).

[55] Riviere, P., O. Uhden, U. Saalmann, and J. M. Rost (2009). Strong field

dynamics with ultrashort electron wave packet replicas. New Journal of Physics,

11, p. 053011.

[56] Rundquist, A., C. G. Durfee, Z. H. Chang, C. Herne, S. Backus, M. M. Mur-

nane, and H. C. Kapteyn (1998). Phase-matched generation of coherent soft

X-rays. Science, 280(5368), pp. 1412–1415.

[57] Schultze, M., M. Fiess, N. Karpowicz, J. Gagnon, M. Korbman, M. Hofstet-

ter, S. Neppl, A. L. Cavalieri, Y. Komninos, T. Mercouris, C. A. Nicolaides,

R. Pazourek, S. Nagele, J. Feist, J. Burgdorfer, A. M. Azzeer, R. Ernstorfer,

R. Kienberger, U. Kleineberg, E. Goulielmakis, F. Krausz, and V. S. Yakovlev

(2010). Delay in Photoemission. Science, 328(5986), pp. 1658–1662.



123

[58] Shan, B., S. Ghimire, and Z. Chang (2005). Generation of the attosecond ex-

treme ultraviolet supercontinuum by a polarization. Journal of Modern Optics,

52(2-3), pp. 277–283.

[59] Shivaram, N., A. Roberts, L. Xu, and A. Sandhu (2010). In situ spatial mapping

of Gouy phase slip for high-detail attosecond pump-probe measurements. Optics

Letters, 35(20), pp. 3312–3314.

[60] Shivaram, N., H. Timmers, X. M. Tong, and A. Sandhu (2012). Attosecond-

Resolved Evolution of a Laser-Dressed Helium Atom: Interfering Excitation

Paths and Quantum Phases. Physical Review Letters, 108(19).

[61] Shivaram, N., H. Timmers, X. M. Tong, and A. Sandhu (2012). Measurement

of the absolute timing of attosecond XUV bursts with respect to the driving

field. Physical Review A, 85(5).

[62] Shivaram, N., H. Timmers, X. M. Tong, and A. Sandhu (2013). Photoionization

dynamics in the presence of attosecond pulse trains and strong fields. Chemical

Physics, 414, pp. 139–148.

[63] Singh, K. P., F. He, P. Ranitovic, W. Cao, S. De, D. Ray, S. Chen, U. Thumm,

A. Becker, M. M. Murnane, H. C. Kapteyn, I. V. Litvinyuk, and C. L. Cocke

(2010). Control of Electron Localization in Deuterium Molecular Ions using

an Attosecond Pulse Train and a Many-Cycle Infrared Pulse. Physical Review

Letters, 104(2).

[64] Spence, D. E., P. N. Kean, and W. Sibbett (1991). 60-Fsec Pulse Generation

from a Self-Mode-Locked Ti-Sapphire Laser. Optics Letters, 16(1), pp. 42–44.

[65] Strickland, D. and G. Mourou (1985). Compression of Amplified Chirped Op-

tical Pulses. Optics Communications, 56(3), pp. 219–221.

[66] Swoboda, M., T. Fordell, K. Klunder, J. M. Dahlstrom, M. Miranda, C. Buth,

K. J. Schafer, J. Mauritsson, A. L’Huillier, and M. Gisselbrecht (2010). Phase



124

Measurement of Resonant Two-Photon Ionization in Helium. Physical Review

Letters, 104(10), p. 103003.

[67] Takeda, M., H. Ina, and S. Kobayashi (1982). Fourier-Transform Method of

Fringe-Pattern Analysis for Computer-Based Topography and Interferometry.

Journal of the Optical Society of America, 72(1), pp. 156–160.

[68] Tong, X. M., P. Ranitovic, C. L. Cocke, and N. Toshima (2010). Mechanisms of

infrared-laser-assisted atomic ionization by attosecond pulses. Physical Review

A, 81(2), p. 021404.

[69] Tong, X. M. and N. Toshima (2010). Controlling atomic structures and pho-

toabsorption processes by an infrared laser. Physical Review A, 81(6), p.

063403.

[70] Tong, X. M. and N. Toshima (2010). Infrared-laser-assisted photoionization

of helium by coherent extreme ultraviolet light. Physical Review A, 81(4), p.

043429.

[71] Trebino, R., K. W. DeLong, D. N. Fittinghoff, J. N. Sweetser, M. A. Krumbugel,

B. A. Richman, and D. J. Kane (1997). Measuring ultrashort laser pulses in

the time-frequency domain using frequency-resolved optical gating. Review of

Scientific Instruments, 68(9), pp. 3277–3295.

[72] Tzallas, P., D. Charalambidis, N. A. Papadogiannis, K. Witte, and G. D.

Tsakiris (2003). Direct observation of attosecond light bunching. Nature,

426(6964), pp. 267–271.

[73] Veniard, V., R. Taieb, and A. Maquet (1996). Phase dependence of (N+1)-color

(N¿1) ir-uv photoionization of atoms with higher harmonics. Physical Review

A, 54(1), pp. 721–728.

[74] Yeazell, J. A. and C. R. Stroud (1988). Observation of Spatially Localized

Atomic Electron Wave-Packets. Physical Review Letters, 60(15), pp. 1494–

1497.



125

[75] Zhao, K., Q. Zhang, M. Chini, Y. Wu, X. W. Wang, and Z. H. Chang (2012).

Tailoring a 67 attosecond pulse through advantageous phase-mismatch. Optics

Letters, 37(18), pp. 3891–3893.


