


Abstract

This dissertation has described a series of experiments leading to the first direct

measurement of time-dependent energy exchange in double Rydberg wave packets

(DRWs). Several preliminary experiments paved the way for the primary measure-

ments. The first experiment characterized the field dependence of HCP ionization

of ionic Rydberg states. The HCP ionization probability of Ba+ ng+ ions and Ba

6snd Rydberg states with approximately the same binding energies were compared

and found to be essentially identical within experiment noise, which reasonably agrees

with the prediction of impulsive ionization model and classical trajectory Monte-Carlo

(CTMC) simulation. The second experiment explored the time-dependent evolution

of Rydberg ion wave packets via HCP ionization and a method for determining the

quantum states of these wave packets was demonstrated. Finally, HCP aided double

ionization was used as a probe of time-dependent energy exchange in DRWs both in

the laboratory and in numerical CTMC simulations. Experimentally, energy exchange

between the two wave packets is observed almost at the instant of the excitation ionic

wave packets. However, the rate at which autoionization occurs depends on the rela-

tive initial positions and velocities of the two wave packets. Following autoionzation,

the evolution of remaining “ionic” wave packet is reflected in modulations in the HCP

aided double ionization yield. This feature is more visible in the CTMC simulations

than in the experimental results.
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Chapter 1

Introduction

1.1 Introduction

Ever since 1803 when chemist John Dalton proposed that everything is composed

of many small pieces, called atoms, the effort to understand atoms has been one of

the driving forces of physics. Current research in atomic physics focuses on isolated

atomic systems or on groups of atoms. Studies of atoms with two valence electrons are

an active research area because not only can it provide a more complete understanding

of the relationship between quantum and classical descriptions of physical phenomena

at a basic level, but also it can benefit research of more complex quantum systems,

such as molecules, multielectron systems.

1.2 Two-electron atoms

The hydrogen atom, the simplest element, can be solved analytically in both

quantum and classical theories. An additional electron makes Helium, the simplest

two-electron atom, a complex three-body system, which has no known general solution

1
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in either classical or quantum theory [1]. The complexities of such relatively simple

multielectron system stem mainly from the correlation between two electrons, 1
r12

in

the Hamiltonian of Helium

H =
~p1

2

2
− 2

r1

+
~p2

2

2
− 2

r2

+
1

r12

, (1.1)

where ~r1 and ~r2 are the positions of the first and second electrons from the nucleus,

r12 = |~r1 − ~r2| is the mutual separation between two electrons; and ~p1 and ~p2 represent

the momentum of each electron. Atomic units are used here and throughout this

dissertation unless otherwise specified. In this dissertation, two-electron atoms refer

to atoms that have two valence electrons, particularly alkaline-earth atoms.

In the classical picture, there are numerous possibilities of two electrons moving in

different directions and speeds after they collide with each other. Depending on the

initial configuration of two electrons, the motion of two electrons can show periodical

features [2, 4, 5] or is chaotic. In quantum mechanics, the correlation between two

electrons makes the Schrodinger equation unseparable. Therefore, the spectrum of

Helium, the simplest two-electron atom, becomes much more complex than Hydrogen

because of this strong correlation between the two electrons. The spectrum is particu-

larly complicated while approaching the classical double ionization limit. This results

in the complicated dynamics of such a 3-body system [1]. Reference [1] gives nice

review on the theoretical and experimental investigation on the two-electron atoms.

It is worth highlighting the discovery of the electron correlation in Helium spectrum

by Madden and Codling [6], which brought people’s attention on the correlated two-

electron dynamics.

In the case that one electron is in the ground state or low excited state and the

other electron is in a highly excited state, the two-electron atom system resembles
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Hydrogen due to the large separation of the two electrons. A number of experiments

have been carried out to investigate the two-electron system with such configuration

in various aspects by frequency spectroscopy, including electron-electron correlation

on the principle quantum number of excited states of electrons and the angular mo-

mentum of the Rydberg electron, relative electron positions, and core polarization

effect of the inner electron [7, 8]. The perturbation of the time evolution of a Ry-

dberg electronic wave packet due to the correlation between two electrons was also

investigated [10]. The multichannel quantum defect theory (MQDT) [9] was applied

to help the understanding of two-electron problem together with experimental data.

Other perturbation theories [1] were developed to gain insights of this problem, be-

cause the mutual repulsive force between the two electrons can be considered as the

perturbation in this case.

The radial extend of the outer Rydberg electron is much larger than the other

valence electron in the above case, however, the radial extends of two electrons are

comparable in the configurations that two electrons are in the ground state or are

both in highly excited states. The study of electronic dynamics in the former case

is one of purposes of the frontier attosecond research. In the later case, two-electron

systems can only exist a short time because their total energy is greater than the

ionization limit of atoms where one electron goes into lower bound state by releasing

a free electron. This is called “autoionization”. The more highly excited are two

Rydberg electrons approaching the double ionization limit, the higher the density of

eigenstates is. Therefore, the usage of the frequency spectroscopy is prevented in this

regime [49]. This leaves research opportunities available in this regime, particularly

under the double ionization limit. Recent advances in ultrashort laser, electro-optic

technology and the controllable wave packet [11] provide a playground to study the
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time-dependent properties of the two-electron problems near the double ionization

limit. An apparent benefit is that the study of double Rydberg atoms provides a sim-

ilar system to attosecond research [16] on a large time scale [12]. The analogy between

the configuration interactions of the two-electron system and the coupling of different

modes in molecules enable the possible carrying over the techniques and understand-

ing of the two-electron system to molecular systems [13]. Furthermore, because the

experiments are performed under the double ionization limit, the connection between

quantum mechanics and classical mechanics can be further explored.

The first time domain experiment under the double ionization limit was con-

ducted by using a series of short laser pulses to prepare the doubly excited electronic

wave packets with controlled energies [49]. That experiment was focused on the final

products after autoionization to infer the dynamics of the two-electron atom. The ex-

perimental results suggest that the energy exchanged between two electrons does not

occur gradually. Instead, the radius where two electrons meet is an important param-

eter to determine the redistribution of energy. However, the direct time-dependent

measurement is not available until now. In this dissertation, we present an effort

to use a sub-picosecond, unipolar electric field pulse, i.e. half-cycle pulse (HCP),

to directly probe the evolution of double Rydberg wave packets (DRW) in order to

provide a “real-time” view of energy exchange between two electrons within the same

atom. In the following sections of this chapter, Rydberg atoms and wave packets will

be briefly discussed. Finally, the outline of this dissertation will be stated.
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1.3 Rydberg atoms

In the 19th century, the physicist, Johannes Rydberg, found out the formula to

describe the spectrum of Hydrogen and Hydrogen-like atoms using Rydberg constant

and the wave numbers of a series number [14]. The energy levels of the Hydrogen

atom can be described as

En = − 1

2n2
(1.2)

in quantum theory. The Hydrogen-like atoms, alkali or alkaline-earth atoms, can be

explained

En = − 1

2(n− δl)2
(1.3)

by quantum defect theory [15]. Where δl is the quantum defect, which is different

for different momentum, l. Rydberg atoms are atoms in excited states with high

principal quantum number n, where n is greater than 10.

A comprehensive overview of experimental and theoretical studies of Rydberg

atoms have been given in Reference [15]. Some exaggerated properties of Rydberg

atoms, as highlighted in table 1.1 with values for n = 30, make them good samples

to study the physics of atoms. The first benefit of Rydberg atoms is the easy ma-

nipulation by relative small electromagnetic fields. This originates from the property

that the binding energy of Rydberg atoms decreases as 1/n2 and their orbital radii

increases as n2. Classically, an electron in a pure Coulomb potential with the energy

E = −1/2n2 will orbit the core at a period of τ = 2πn3. Correspondingly, the radial

Rydberg wave packet with the energy splitting of constituent eigenstates about n−3

will have similar periodical feature, which is suitable for time-dependent study using

available ultrashort laser pulses. Furthermore, the alkaline Rydberg atoms can not
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only be described quantum mechanically—by adapting the Hydrogen wave function

and considering the screening of ion by the other electrons as perturbation—but also

be treated classically as planetary problem because of their large orbit radii.

Alkaline atoms are superior to Hydrogen in most experiments studying Rydberg

atoms, because it is easier to promote the alkaline atoms into Rydberg states, by using

lasers within visible spectrum region through one/two photon transitions. Due to the

same reasons, the atomic sample used throughout this dissertation will be Barium

(Ba) instead of the Helium atom.

Table 1.1: Some properties of Rydberg atoms
Property n dependence n=30

Binding energy 1/n2 122cm−1

Orbital radius n2 1800a0

Kepler period n3 4.1psec
Field ionization limit 1/n4 400V/cm

1.4 Wave packets

The macroscopic world has more in common with classical physics than quantum

physics, thus physicists make it a priority to link these two. The correspondence prin-

ciple in the limit of large quantum numbers provides one connection. Wave packets,

the coherent superposition of wave functions in quantum mechanics first recognized

by Schrodinger [17] connect both regime by the similarity between oscillating time-

dependent probability and their classical counterpart electrons evolution as a function

of time [18].

A wave packet is usually a non-stationary, spatially localized quantum state in

experimental atomic physics, which is the superposition of many stationary states

(eigenstates), mathematically described as [57]
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Ψ(t) =
∑

j

Cj(t)ψje
−i(Ejt+φj) (1.4)

where Cj(t) is the amplitude of a constituent eigenstate ψj. Ej and φj are the energy

and constant phase of each eigenstate, separately. Therefore, the time-dependent

probability distribution can be written as

P (t) =
∑

j,k

CjCkψjψke
−i[(Ek−Ej)t+(φk−φj)]. (1.5)

If there is no external interaction, the amplitude of each eigenstate is unchanged

as time elapses, but its phase evolves at different rate corresponding to its energy,

Ej. As a result, the probability distribution of wave packets changes as constituent

states evolve in and out of phases. Various information will be encoded into the

time-dependent amplitudes when wave packets interact with the external world. In

atomic physics, there are many time-dependent problems, such as atoms/particles

collision, electron correlations within atoms or the atomic response to electric fields

[11]. Monitoring the evolution of wave packets can give important insights into these

complicated problems.

There are many types of wave packets and various techniques to produce them.

One of the most common wave packets produced in atomic physics labs is the radial

wave packet [11], which is the wave packet used in the experiments described in this

dissertation. A short laser pulse can coherently transfer atoms from the ground state

or an intermediate state into several final states within the laser bandwidth, creating

electronic wave packets in atoms in which electron oscillates in the radial coordinate

of the spherical coordinate system but invariant in the other two angular coordinates.

Upon the laser excitation, the wave packet is initially localized near the ion core
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of atom where the expectation value of radial operator, r̂, is small. After the laser

pulse, the wave packet moves outward and is reflected back by the Coulomb potential

barrier forming a periodical radial motion. The period of such motion, τk = 2πn3,

where n−3 is the average energy level splitting of constituent states, is identical to the

period of a classical electron with the same energy, E = −1/2n2. The radial wave

packet corresponds to an ensemble of classical electrons traveling in similar classical

orbits with the same phase but different angular orientations in space. The electrons

are initially localized at the inner turning points of their orbits. Half a Kepler period

later, the electrons reach the outer turning points of their respective orbits. More

discussion will be found in chapter 4, especially the characters of ionic radial wave

packets.

1.5 Structure of Dissertation

This dissertation is organized to describe three related experiments in series. After

introducing the experimental apparatus in chapter 2, the concept and the laboratory

realization of a half-cycle pulse (HCP) and its interaction with a Rydberg ion are

described in chapter 3. The time-dependent double ionization of ionic radial wave

packets measurement using the HCP as a time-sensitive probe is presented of chap-

ter 4, which provides a method to characterize the quantum states in ionic wave

packet. In chapter 5, double Rydberg wave packets (DRW) will be prepared with

controlled initial energy and relative positions. The time-dependent energy exchange

between two electrons in such a system is monitored by recording the double ioniza-

tion probability while scanning the HCP relative to the production of DRW. Finally,

the conclusion and outlook are given in chapter 6.



Chapter 2

Experimental Apparatus

2.1 Introduction

Proper apparatus play an important role in the experiments presented in this

dissertation. Since the experiments involve time domain spectroscopy, which requires

short laser pulses. The femtosecond Ti: Sapphire laser system is introduced at the

beginning of this chapter, followed by descriptions of optical parametric amplifiers

and dye lasers that are used to excite atom samples into desired states. Finally the

atom source, the vacuum system and the detection method are presented in some

detail. The generation of short terahertz radiation and some related issues will be

discussed in a later chapter.

2.2 Femtosecond Ti:sapphire laser system

The primary laser used in the experiments discussed in this dissertation is a ∼ 100

femtosecond Ti: Sapphire system, which is based on the chirped pulse amplifica-

tion(CPA) [19] technique. The CPA is a technique which is commonly used for

9
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Figure 2.1: Schematic scheme of chirped pulse amplification [20]
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amplifying ultrashort laser pulses. In CPA, the laser pulse is stretched out tempo-

rally prior to amplification, then is compressed back to something close to its initial

duration. This technique avoids high peak intensity in the amplifiers dramatically re-

ducing non-linear effect, such as self-phase modulation, stimulated raman scattering,

and self-focusing, and greatly extends the peak powers that are attainable without

damaging the gain medium. Fig. 2.1 [20] shows the schematic setup of the Ti:

Sapphire laser system similar to that used in the laboratory. The ultra short pulse

generated from an oscillator is expanded in time by a stretcher prior to introducing

it into regenerative and multipass amplifiers. The amplified pulse is finally sent to a

compressor to restore it close to its original duration. In this section, we will describe

each component separately and introduce a device, the single short autocorrelator,

to characterize an ultra short laser pulse.

2.2.1 Oscillator

The oscillator used in this project is a ∼ 30fsec, 800nm MTS Mini Ti:Sapphire

mode-locked laser from Kapteyn-Murnane Laboratories Inc. The Ti: Sapphire crystal

has a broad optical gain bandwidth (700nm-1000nm). Therefore, when the crystal

absorbs ∼ 4.0W 532nm cw-laser light from a Nd:YVO4 laser (Spectra-Physics Millen-

nia Vs), there are on the order of 105 possible longitude modes in the oscillator cavity.

When a sudden perturbation is applied to the prism P2, the optical pulse produced by

the disturbance is preferentially amplified. A non-linear process, called optical Kerr-

lens, occurs while the pulse intensity increases. Because of this process, an intense

pulse creates a positive lens, which focuses itself inside crystal, effectively creating a

fast saturable absorber. In frequency domain, this process makes longitudinal modes

in phase. These modes then constructively interfere with one another, producing
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Figure 2.2: Basic layout of Oscillator [22]. M1, M2, M3, C1 and C2 form X shape
laser cavity. M2 folds the laser cavity. M4 and L1 direct and focus pump light to
crystal. P1 and P2 are prisms.

a short pulse. Furthermore, the Kerr-lens effect can induce self-phase modulation,

which broadens the effective frequency spectrum which constructively interfere with

other frequencies making the laser pulse even shorter [21]. However, as the laser pulse

passes through various optical components, each frequency experiences a different in-

dex of refraction. Therefore, they travel at different velocities. This phenomena is

known as group velocity dispersion (GVD). If left uncompensated, GVD would pre-

vent stable circulation of short pulses in cavity. A pair of negative GVD prisms is

introduced to reduce such effect.

2.2.2 Stretcher and compressor

Before sending the laser pulse from the oscillator into the amplifier, a stretcher

expands the laser pulse in time to limit the peak power to avoid damaging the optical

components in the laser system. Moreover, the alteration of the spatial beam profile as
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Figure 2.3: Schematic diagram of the Stretcher.RM1 and RM2 are retroreflection
mirrors, which diffract light off grating four times. The output chirped pulse is
temporally expand about a factor of 2000 [23].

well as the temporal profile of the pulse due to the non-linear effects can be prevented.

Fig 2.3 is a schematic diagram of the stretcher. The short pulse enters the stretcher

2mm above RM2 and is diffracted off the grating. Each frequency component of light

is diffracted at a different angle, passes through the lens and reflects back to grating

by mirror RM1. During this process, the redder frequency travels a shorter distance

than the blue portion of laser spectrum. As a result, the laser pulse is chirped and

expanded in time [24]. The retroreflection mirror RM2 causes the laser pulse to

experience such process once more, which eliminates the spatial chirp introduced in

the first pass as well. The expanded chirped pulse exits the stretcher slightly above

the input beam.

After the laser pulse is amplified as described in the next section, a compressor

is used to undo the chirped pulse introduced by the stretcher. Fig 2.4 shows the

schematic setup of the compressor used. It works in a similar way as the stretcher

except that the red portion of laser spectrum experiences a longer path than blue

part [25]. As a consequence, the incident angle at grating has to be set the same as

the one in stretcher. However, in practice, the compressor undergoes fine adjustment
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Figure 2.4: Schematic setup of the compressor [26]. The amplifier laser pulse diffracts
from the grating four times using a retroreflection mirror and two mirrors mounted
on a translation stage, which provides fine tuning of the group velocity dispersion.

of both the incident angle and distance between grating and translation stage in

order to compensate the non-linear dispersion from optical components in amplifiers.

But, this compressor can not compensate all dispersion, especially the higher order

dispersion. Furthermore, amplifiers do not equally amplify each frequency component

in the seed light, which effectively reduces the bandwidth of the amplified laser pulse.

As a result, when the laser pulse comes out the compressor, its duration is restored

to ∼ 100 fsec instead of its origin 30 fesc.

2.2.3 Regenerative and multipass amplifier

Prior to sending the laser pulse into the compressor to restore the short duration, it

goes through two stages of amplification in a regenerative and a multipass amplifier.

The regenerative amplifier (regen) is shown in Fig. 2.5, and is a laser cavity by

itself. The expanded chirped laser pulse with vertical polarization, referred to as

the seed pulse, enters the regen by reflection from the thin film polarizer TP1. TP1
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reflects vertically polarized light and transmits horizontally polarized light . The

polarization of laser pulse is then rotated 90◦ after it passes the Pockels cell PC1

with high voltage applied, reflected by mirror M1 and passes PC1 again. It becomes

horizontally polarized laser pulse, which can travel through the TP1. The voltage

on PC1 is then turned off in order to prevent another laser pulse from entering the

regen. The horizontally polarized laser pulse extract the optical energies stored in the

Ti:Spphire crystal pumped by the 532nm laser light from a Spectra-Physics Quanta

Ray GCR Nd:YAG laser. The amplified laser pulse goes through M3, TP2, PC2 and

is reflected back by the mirror M2. After approximately twenty round trips inside

regen, the laser pulse, which gives a factor 4× 106 amplification, is switched out the

regen from TP2 when a high voltage is applied on Pockels cell PC2 to rotate the laser

polarization from horizontal to vertical polarization, which is realized by laser pulse

pass PC2, M2 and PC2 in sequence.

The amplified laser pulse from the regen is then sent into the multipass amplifier

(Fig. 2.6), which is the second stage of amplification. In the multipass amplifier, the

laser pulse passes through a second Nd: YAG pumped Ti: Sapphire crystal three

times, resulting in up to a factor of 10 additional amplification. A typical energy of

laser pulse is ∼ 30mJ after two amplifiers. A telescope expands the beam size of the

amplified pulse before it is sent into the compressor in order to reduce the spatial and

temporal distortions of amplified pulse due to the nonlinear effects . This prevents

damaging the grating inside the compressor as well.

A high power optical feedback from amplifiers can damage or disrupt the oper-

ation of oscillator. A optical faraday isolator, a wave plate (optical rotator) and a

polarizer are introduced to reduce this feedback. The faraday optical isolators (based

on the Faraday effect) rotated the polarization of the seed pulse 45◦ clockwise from
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Figure 2.5: Regenerative amplifier [27]. TP1 and TP2 are thin film polarizers. PC1
and PC2 are Pockels cells which control the time that a seed pulse is switched in or
out the regen cavity. M1, M2 and M3 are reflection mirrors forming the regen cavity.

Figure 2.6: Multipass amplifier [29].



Chapter 2. Experimental Apparatus 17

Figure 2.7: Schematic of optical isolation between the oscillator and amplifiers.

horizontal. Then it is restored back horizontal after the wave plate before entering

stretcher, which depends on the birefringence of crystal. The feedback of amplified

pulse is horizontal polarized before the wave plate. Its polarization is turned clock-

wise 45◦ after the wave plate and additional 45◦ by the faraday isolator. Finally, the

vertical polarized feedback pulse is blocked by the isolator with the polarizer built in

the faraday isolator.

2.2.4 Single shot autocorrelator

It is difficult to characterize the femtosecond laser pulse because of the slow re-

sponse time of electronic detectors. However, this can be overcame by using the

autocorrelation method [28]. We use a single-shot autocorrelator design in which

two identical femtosecond laser pulses cross in a BBO frequency doubling crystal at

an angle, 2φ. The distribution of doubled light energy detected by a CCD camera

array is proportional to the intensity autocorrelation of the pulses. The intensity

autocorrelation of the pulse is defined as

I2nd(τ) =

∫
I1st(t)I1st(t + τ)dt. (2.1)
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Figure 2.8: The single shot autocorrelator [27]. Two identical ultra short laser pulses
intersect at a BBO crystal producing second harmonic light whose intensity profile
encodes the temporal shape of the ultra short laser pulse.

If we define x=0 at the position where the center of two laser pulses arrive simulta-

neously, then at the position x from the origin, the maximum double light intensity

occurs with two intercepted laser pulse with time difference τ = 2xn sin(φ)/c , where

n is index of refraction; c is the speed of light. Therefore, the temporal information

of the short laser pulse is mapped into the spatial plane in terms of the intensity of

the second harmonic light.

In order to calibrate the single shot autocorrelator, a glass slide with known optical

length is inserted in the path of one laser pulse. The spatial translation of the second

harmonic’s intensity profile is calibrated to be the time t = (n0 − 1)d/c, where n0 is

index of refraction of the glass slide; d is the thickness of the glass slide. From this

correspondence, the full width half maximum of the short laser pulse can be obtained

by

∆t = ∆t2nd/1.55, (2.2)

where ∆t2nd is the FWHM of autocorrelation signal, the factor 1.55 is derived by

assuming a sech2(t) shape of the laser pulse.
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2.3 Optical parametric amplifier

In order to produce a sub-picosecond laser pulse with tunable wavelength, an

Optical Parametric Amplifier (OPA) is used. The OPA is based on a parametric

nonlinear interaction, which using a non-linear crystal coherently converts a light

with frequency ωp into two different frequencies, ωs and ωi, where ωp = ωs + ωi.

There are two OPAs set up in a similar way as shown in Fig. 2.9. A small

fraction ( < 1%) of the amplified 780nm laser pulse is focused into a quartz plate

producing a spectrally “white light” pulse. This light is used to “seed” the OPA.

Approximately 2mJ of amplified Ti: Sapphire laser pulse goes through a BBO (Beta

Barium Borate) doubling crystal C1 generating 390nm light. This doubled light and

seed light are collimated and then overlapped spatially and temporally on another

BBO crystal(C3). The specific frequencies of ωs and ωi are selected by the phase

matching condition, which is set by angle tuning of the crystal with respect to the

incident light. The amplified light is then reflected back by a blazed grating to be

amplified by the 390nm light produced from the other ∼ 6mJ amplified 780nm laser

light. A grating rather than a reflection mirror is used in the OPA in order to limit

the bandwidth of output laser light for our specific Rydberg experiments. The grating

is orientated in a way that it disperses the light in the phase-matching plane of the

OPA crystal C3. Due to the polarity of the angular dispersion, the +, - diffraction

orders of preamplified light behave differently while being amplified by the crystal.

With one orientation (i.e. + or - angle relative to normal incidence) of the diffraction

grating, the angularly dispersed preamplified light will improve phase-matching over a

range of frequencies, broadening the spectrum of the output light, which in principle

can enable the production of shorter pulses. On the other hand, with the other

orientation, the angular dispersion will have the opposite sign, and phase matching is
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limited to a more select range of frequencies narrowing the spectrum of light, which

is usefully for limiting the dispersion in the Rydberg wave packets experiments.

2.4 Dye lasers

Another type of tunable lasers used in experiments is a dye laser. The dye laser

uses an organic dye as a lasing medium, usually in a liquid solution. The gain band-

width of most laser dyes greatly exceeds that of most gaseous and solid state lasing

media. The wide bandwidth makes them particularly suitable for tunable lasers and

pulsed lasers. Moreover, the same dye laser setup can be used for generating dif-

ferent frequency laser lights by simply changing laser dyes. The dye lasers used in

laboratory are usually home-made in two different styles, Ha̋nsch style (Fig.2.10) [31]

and Littman style (Fig. 2.11) [32]. The organic dye circulates through a quartz cell

mounted on the axis of an optical resonator. The third/second harmonic of Nd:YAG

laser is focused on the dye cell by a cylindrical lens creating a population inversion.

The resulting fluorescence propagates inside the cavity and certain modes begin lase

when the gain of the light exceeds the lose in the cavity. A typical bandwidth of

pulsed dye laser is about 5-10nm without any dispersion components inside the res-

onant cavity [33]. By placing a dispersive component, a grating, the frequencies of

fluorescence are spread out. The frequencies aligned with the cavity can lase. There-

fore, the line-width of output laser light is reduced. Moreover, the turnable gating in

the Ha̋nsch style or the mirror as in the Littman style can select specific frequencies

that resonate with the cavity. Consequently, The wavelength of laser pulse can be

adjusted for different laser excitations in experiments.
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Figure 2.9: Optical parametric amplifier setup diagram. The input is ∼ 100 fsec
780nm laser light. A tunable laser(450-700nm) is produced from OPA. C1, C2 and
C3 are 1 mm BBO (Beta Barium Borate) crystals or a 1 cm thick KDP(Potassium
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coated mirrors. G1 is a quartz plate and G2 is a blazed grating. T1 and T2 are
translation stages to adjust the relative delay between laser pulses.
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2.5 Atom source, vacuum system and detector

The laser pulses eventually interact with atom samples that are isolated from air

inside a vacuum chamber. The electrons/ions resulted from the laser-atom interaction

are collected by Microchannel detector and recorded.

2.5.1 Atom source

The Ba atoms are used for all experiments described in this dissertation. Ba is

chosen over other elements with two valence electrons because of the availability of

lasers for multi-step excitation of double Rydberg wave packets.

An effusive beam of ground state Ba atoms is produced by resistively heating

a stainless steel tube with a 1mm hole in the side. The 6” long, 3/8” diameter

stainless steel tube is filled to the 1mm hole with Ba solid. The filled tube, the so-

called “oven”, is clamped inside the chamber with the exit hole pointing toward the

interaction region where lasers and the atom beam meet. The two ends of the oven

tube are connected to an AC high current supply. The current supply consists of a

set of 120V to 6V AC transformers and a Variac AC voltage regulator which is used

to control the current. As a current flows through the oven, the tube is heated up so

that Ba atoms are vaporized, leave the oven through the exit hole, and move toward

the interaction region. A water cooled copper shield placed between the oven and

interaction region prevents optical components and detector from being coated by the

effusive atomic beam.
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2.5.2 Vacuum system

The experiments are performed inside a chamber with a background pressure

∼ 10−6 torr. The aluminum chamber is 45 cm in diameter and 30 cm high with

eight cylindrical flanges allowing laser beams, electrical pulses and cooling water to

enter the chamber (Fig. 2.12). A Varian VHS-6 water-cooled diffusion pump and

a Welch model 1376 mechanical roughing pump are used in series to continually

pump the chamber. The pressure inside the vacuum chamber is monitored with a

model 571 Bayard-Alpert Type Standard Range Ionization Gauge Tube, model 531

thermocouple gauge tubes and a model 843 ionization gauge controller from Varian.

2.5.3 Detection and data acquisition

The laser-atom interaction region is located between two parallel 2′′×2′′ aluminum

plates vertically separated by 1.25cm. A voltage pulse applied on the lower plate

pushes the electrons or ions produced by laser-atom interaction through the 2mm hole

in the top plate. These charged particles are detected with a pair of microchannel

plates (MCPs). MCPs detect charged particles by creating an avalanche of electrons

whenever an ion or an electron hits the surface of the plate. The surge of electrons is

proportional to the number of electrons or ions hitting the microchannel plates under

normal work conditions. A pair of microchannel plates enhance the magnification of

the signal by a factor of about 106. The electrons from MCPs are collected on a metal

plate and the resulted current is measured and displayed in an oscilloscope (LeCroy

9350A) . A computer program, DC written by Dr. T.J. Bensky, is used to transfer

the signal to a personal computer through a GPIB interface.
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Figure 2.12: Top view of the schematic diagram of the vacuum chamber.



Chapter 3

Half-Cycle Pulse Ionization of Ba+

Rydberg Ions

3.1 Introduction

Terahertz radiation lies between infrared and microwave in the electromagnetic

spectrum. The interaction between strong Terahertz radiation and weakly bound

Rydberg atoms can be exploited to perform quantum control experiments and/or for

probing electronic dynamics. The first experiments exploring impulsive ionization of

Rydberg atoms by very brief, nearly unipolar electric field pulses [34] were performed

a little over a decade ago [35]. Immediately following that initial work, a host of theo-

retical [36–39] and experimental [40–43] studies further characterized the interaction

of Rydberg atoms with these half-cycle pulses (HCPs), particularly in the short-pulse

regime where the HCP duration is less than the classical Kepler period of the Ryd-

berg electron. More recently, HCPs have been used as tools to manipulate and view

Rydberg electron dynamics [44–47, 51], but to the best of our knowledge, only neu-

26
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tral atoms with single Rydberg electron have been considered to date. However, new

experiments [49] investigating electron interactions in double-Rydberg wavepackets

(DRW) beg the question: Can HCPs be used to control and probe correlated two-

electron dynamics as well? We suspect that the answer to this question is yes, but

the nature of the HCP interaction with DRWs and the singly-excited Rydberg ions

that are formed following their autoionization must first be verified. In an initial step

toward this goal, the impulsive HCP ionization of Rydberg ions is presented in this

chapter.

3.2 Half cycle pulses

There are two different commonly used approaches to generate terahertz radiation,

Optical rectification [52] and Optically gate antenna [34]. The terahertz radiation

used in experiments discussed in this dissertation is produced using the photoconduc-

tive antenna. A biased Gallium Arsenide (GaAs) semiconducting wafer is illuminated

by an ultra-short laser pulse. The photons in the laser pulse have sufficient energy to

promote electrons from the valence band into the conduction band, creating electron-

hole pairs. These carriers are accelerated by an applied electric field across the wafer

surface, resulting in a surface current, J(t). The change in the current produces THz

radiation. The magnitude of radiated electric field is proportional to the acceleration

of carriers, and, therefore, to the time derivative of the surface current.

Fthz(t) ∝ ∂J(t)

∂t
(3.1)

The surface current depends on the incident laser and bias electric field applied to

the wafer. When illuminated with sufficient laser fluence, 40µJ/cm2 for GaAs, the
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generated electric field strength is proportional to the bias field. Thus, the bias field

provides a convenient control knob for adjusting the THz strength. In addition, the

polarity of generated THz field can be controlled by switching the polarity of the bias

field.

Fig. 3.1 shows a schematic of the photoconductive antenna used in our exper-

iments. An undoped, (100) oriented GaAs semiconducting wafer is connected to a

high voltage supply using silver paint electrodes. A thin layer of Norland Optical

Adhesive 88 is applied to the outer surface of the electrodes to prevent sparking on

the surface, which can damage the wafer and produce unwanted noise in terahertz

radiation. The time-dependence of a typical terahertz electric field generated by such

a device is characterized by a narrow sharp maximum followed by a long, much lower

amplitude opposite polarity tail (as shown in Fig. 3.2). The main lobe of the pulse

has a full width at half maximum < 1 picosecond. Whereas the duration of the

weak tail is 10’s to hundreds of picoseconds. Ionization dynamics are governed by the

main lobe provided the relevant time scale, the Kepler period of Rydberg electron,

is longer than 1 psec but much shorter than the duration of tail [43]. Accordingly,

atomic physicists commonly refer such terahertz pulses as unipolar or “half-cycle”

pulse as the pulse contains roughly half of an optical cycle of the THz field.

3.3 HCP Ionization of Ba+ Rydberg Ions

In an initial step toward using the HCP in DRW experiments, we investigated

the impulsive HCP ionization of Rydberg ions. Laser-excited Ba+ Rydberg ions are

exposed to 0.8 psec HCPs and the production of doubly-charged ions is measured as

a function of the peak HCP field. The impulse delivered to the Rydberg ions is cali-
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Figure 3.1: Diagram of HCP generation [53]. An ultrashort laser pulse promotes
the electrons of biased wafer from valance band to conduction band. The carriers
accelerate under the biased field creating the Terahertz radiation. The incident angle
of the laser θ0 is adjusted close to 90◦ in the experiment.

Figure 3.2: Schematic electric field strength of HCP as a function of time generated
from photoconductive emitters with ultrashort pulses. [34,55]
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brated by measuring analogous HCP ionization yields for neutral Ba Rydberg atoms

that are produced in the same interaction volume. As noted early, HCP ionization

of neutral Rydberg atoms has been well characterized in the impulsive short-pulse

regime [40–43]. We find that Rydberg ions and neutral Rydberg atoms with the same

binding energy have approximately the same ionization vs. HCP impulse curves.

These observations are in agreement with both an analytical impulsive ionization

model and classical trajectory Monte Carlo (CTMC) simulations.

3.3.1 Experimental procedure

The experiments proceed similarly to others that have been described in detail

elsewhere [35, 40]. Rydberg ions or neutral Rydberg atoms are produced via pulsed

laser excitation of a thermal beam of ground-state Ba atoms in a vacuum chamber

with a background pressure of 1 x 10−6 Torr. The atoms/ions are then exposed to a

0.8 psec HCP that is created by illuminating, in vacuum, a biased 1.5cm × 1.5cm ×
0.05cm GaAs wafer with a 100 fsec, 780 nm laser pulse from an amplified Ti:Sapphire

laser [34]. The peak HCP field is linearly polarized parallel to the wafer bias field

and has a magnitude that is proportional to the bias voltage. The HCP radiation

is collected and directed into the laser/atom interaction region using a gold coated

off-axis parabaloid with a 10 cm focal length. The atoms interact with the lasers and

HCP between two parallel aluminum plates separated by 1.25cm. Approximately

10 nsec after the HCP, a small pulsed voltage, 30-60V applied to the lower field-

plate, pushes any positive ions in the interaction region through a 0.2cm diameter

hole in the upper field-plate, toward a microchannel plate (MCP) detector. Singly

and doubly charged ions are distinguished by time-of-flight to the detector. The

number of singly or doubly charged ions created by HCP ionization of neutral or
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Figure 3.3: The diagram of experimental set up. Rydberg lasers are laser pulses that
excite Ba atoms from ground states either into 6snd neutral Rydberg states or ng+

ionic Rydberg states. After these lasers, a HCP with variable strength ionizes the Ba
atom sample. A positive field ionization pulse pushes remaining particles into MCP
detector.

ionic Rydberg states, respectively, is recorded as a function of peak HCP field as the

bias voltage on the GaAs wafer is continuously scanned. The two laser excitation

schemes are shown in Fig. 3.4 Neutral 6snd Rydberg atoms are produced using two

tunable, 5 nsec dye-laser pulses (553.7 nm and 420 nm, ∼100 µ J/pulse) which

sequentially excite 6s2 ground-state atoms through an intermediate 6s6p1P1 level to

a selected 6snd Rydberg state with 15 < n < 45. Ba ng+ Rydberg ions are created

in a three-step, four-photon excitation. First, a 350 nm pulse stimulates two-photon
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e
-

Figure 3.4: Excitation scheme for both 6snd neutral Rydberg states and ng+ ionic
Rydberg states.
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resonance-enhanced ionization, through an intermediate 5d6p 1P1 level, into the 6s+

and 5d+
j continua. The 5 nsec, 350 nm, ∼50 µJ laser pulse is generated by frequency

mixing, in a potassium dihydrogen phosphate (KDP) crystal, the output of a 522

nm pulsed dye laser with the 1064 nm fundamental of the Nd:YAG (YAG denotes

Yttrium Aluminmum Garnet) pump. A 300 fsec, 233 nm, ∼3 µJ pulse then excites

5d+
5/2 ions to the 4f+

7/2 level. This second laser pulse is generated by frequency mixing

the 200 fsec 582 nm output of an optical parametric amplifier (OPA) with the 150

fsec, 390 nm OPA pump. The 390 nm pump is produced by frequency doubling

a portion of the 100 fsec 780 nm Ti:Sapphire output in a 1 mm thick Beta Barium

Borate (BBO) crystal. Lastly, a tunable, 5 nsec, 313 nm, 20 µJ laser pulse generated

by frequency doubling (in KDP) the output of a 626 nm dye laser is used to excite

Ba+ 4f7/2 ions into ng+ Rydberg states. All lasers fire at a 15 Hz repetition rate, are

linearly polarized in the same (vertical) direction, and are focussed into the atomic

beam using a single 350 mm fused silica lens.

3.3.2 Results and discussion

Before presenting the experimental results, a brief overview of impulsive HCP

ionization is given below.

Impulsive ionization

In the short pulse regime, where the duration of HCP is much less than the classical

Kepler period of Rydberg electron,

τHCP ¿ τK = 2π
n∗3

Z2
, (3.2)
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where n* is the effective principle quantum number, Z is the number of charges, τk is

the classical Kepler period, the ionization of a Rydberg electron can be described by

impulsive kick model [45]. The HCP gives the Rydberg electron a momentum kick

or impulse

~A = −
∫

~FHCP (t)dt (3.3)

where ~FHCP (t) is the time-dependent HCP field [38, 39, 45]. Consider a Rydberg

electron with energy

E0 =
~p0

2

2
+ V = − Z2

2n∗2
(3.4)

, where ~p0 is the momentum of electron and V is the potential energy of the electron

before the HCP. The Rydberg electron is then exposed to the HCP and the total

energy of the electron becomes

E =
(~p0 + ~A)2

2
+ V. (3.5)

Since the electron does not move during the HCP under the impulsive approximation,

its potential energy does not change during the HCP. Therefore, the total change in

electron’s energy change is

∆E = ~p0 · ~A +
~A2

2
. (3.6)

Ionization requires that this change is greater than the initial binding energy of the

electron,

∆E > |E0|. (3.7)

Without loss of generality, we assume the HCP field is applied in the ẑ direction. We

can then rewrite equation 3.7 in terms of the initial z-component of the momentum
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of the electron

pz >
1

A
(|E0| − 1

2
A2) (3.8)

So ionization occurs when pz is greater than a critical value

pc =
1

A
(|E0| − 1

2
A2). (3.9)

Quantum mechanically, the probability that the Rydberg atom is ionized by an im-

pulse, Az, is equal to the probability that pz > pc at the instant of the pulse. Thus,

in the short-pulse limit, the ionization yield v.s. impulse (or HCP field strength) can

be obtained by integrating the electronic momentum-space probability distribution

along the kick direction [45], i.e.

P (pc) =

∫ ∞

pc

Ψ(p)Ψ∗(p)dp. (3.10)

Experimental results

In order to compare the HCP ionization of Rydberg ions with that of neutral

Rydberg atoms, the ionization of Ba Rydberg ions/atoms with similar binding energy

are measured in the same apparatus. Single ionization yields vs. GaAs bias-field

for three different neutral Rydberg states, 6s30d, 6s33d, and 6s36d are displayed

in Figure 3.5. Figure 3.6 presents the double ionization yields of 54g+ and 66g+

Rydberg ions along with the 6s30d and 6s36d curves showed in Fig.3.5. Both the

single and double ionization data sets show the similar threshold behavior that has

been observed for single ionization [35, 36, 38–40, 42] except that the signal to noise

ratio in the double ionization measurements is significantly worse than the single

ionization measurements. The ionization curves for the 6s36d and 66g+ states are
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Figure 3.5: Measured HCP ionization probability as a function of GaAs bias field
(bottom scale) and impulse (top scale) for 6s30d (green), 6s33d (red), and 6s36d
(black)initial states. Solid Lines and Lower Horizontal scale: Measured HCP ion-
ization probability vs. GaAs bias field for 6s30d (green), 6s33d (red), and 6s36d
(black)initial states. Dashed Lines and Upper Horizontal Scale: HCP ionization
probability vs. impulse curves for the same three initial states obtained from the nu-
merical Classical Trajectroy Monte Carlo(CTMC) simulation described in the text.
Absolute ionization probability scales for the data are estimated by comparing fully
saturated HCP ionization signal levels from higher-lying Rydberg states with signal
levels obtained from standard, long-pulse field ionization. These initial estimates have
been adjusted using a single multiplicative scale factor, 0.91, to achieve the best fit
of experiment to the simulation.
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Figure 3.6: Comparison of measured HCP ionization probability vs. GaAs bias field
curves for pairs of neutral (dashed lines) and ionic (solid lines) Rydberg states that
have approximately the same binding energy. The 6s30d and 54g+ initial states are
shown in red while the 6s36d and 66g+ levels are shown in black. The effective
principal quantum numbers of the ionic states are approximately twice that of their
neutral companions. The asterisks mark the predicted 50% ionization fields obtained
from the impulsive ionization model described in the text and the impulse to bias
field calibration derived from Fig. 3.5. Absolute ionization probability scales for
the ion data are estimated by comparing saturated HCP ionization signal levels from
higher lying Rydberg states with signal levels obtained from standard, long-pulse field
ionization. These initial estimates have been adjusted using a single multiplicative
scale factor, 0.89, to achieve the best match between the ionic and neutral data.
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very similar and those for the 6s30d and 54g+ levels are essentially identical. This

feature is related to the fact that the Rydberg levels in each neutral/ion pair have

nearly the same binding energies, E0 = − Z2

2n∗2 , where n∗ = n − δ is the effective

principal quantum number, δ is the quantum defect, and Z is the charge of the ion

core. δ ' 2.7 and 0.02, for the 6snd and ng+ series, respectively.

Discussion

For l ¿ n, the momentum distributions of Rydberg states have rapid modula-

tions. the momentum distributions averaged over rapid node-structure modulations

are independent of n∗, l, and Z when plotted vs. scaled momentum, p′ = p0η, where

η = n∗/Z. Thus, species characterized by the same value of η have equal probabili-

ties that p0 > pc for a given impulse, A. Consequently, in the low-l limit, the HCP

ionization yield vs. impulse curves should be the same for ions with Z = 2, n∗ = 2N

and neutral atoms with Z = 1, n∗ = N . As shown in Fig. 3.6, our measurements

support this prediction.

The momentum distributions of any bound Rydberg state is symmetric about

p = 0 along any axis regardless of the value of angular momentum. Therefore,

according Eqn. 3.10, the ionization probability is always 50% for a critical momentum

pc = 0 along the kick axis. The corresponding impulse A1/2 is then

A1/2 =
√

2E0 = 1/η, (3.11)

obtained by setting pc = 0 in Eq. 3.9, which only depends on the parameter η. In

Fig. 3.6, the corresponding Rydberg ionic states and neutral states pairs have similar

η (Z = 2, n∗ = 2N and Z = 1, n∗ = N). The same impulse that doubly-ionizes a

Rydberg ion with 50% probability, will also ionize a neutral Rydberg atom with same
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Table 3.1: Measured: predicted impulse ratios for ionization of ng+ Rydberg ions with
20% and 50% probability. The three columns correspond to predictions obtained from
i) HCP ionization measurements of neutral atoms with the same effective binding
energy; ii) the impulse model; and iii) the CTMC simulation. Statistical errors in
the ratios, due primarily to the relatively poor signal to noise ratio in the double
ionization measurements, are roughly 5% .

% Ion. Neutral
Expt.

Impulse
model

CTMC

54g+ 20% 0.84 - 0.86
50% 0.88 0.91 0.93

60g+ 20% 0.86 - 0.84
50% 0.87 0.89 0.91

66g+ 20% 1.03 - 1.11
50% 0.97 1.04 1.06

η in the similar way. The data shows the reasonable agreement in this argument.

In the experiments, the single/double ions are detected using a field ionization

pulse which pushes them onto the MCP detector. Very high-lying Rydberg states

produced by the HCP may be ionized by this extraction field, Fex. Therefore, the

field pulse effectively lowers the continuum to a binding energy Ec = 3
2

√
ZFex. If

diabatic field ionization in the rapid, ∼ 50 nsec rising time of the extraction pulse is

assumed [15]. Direct comparison between the experimental data and the predictions

of the impulsive ionization model (see Figs. 3.5 and 3.6 and Table 3.1) requires that

we replace E0 in the expressions for pc and A1/2 with an effective binding energy,

E ′ = E0 + Ec. In the experiment, F = 48 V/cm for neutral (Z=1) Rydberg atoms

and F = 24 V/cm for Rydberg ions (Z=2) so that Ec ' 32cm−1 in both cases.

Our data are also compared to the results of Classical Trajectory Monte Carlo

(CTMC) simulations which have been described in detail previously [35,40,45,46,55].

Briefly, the Rydberg states are prepared as an ensemble of classical particles with the
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same energy and angular momentum. The electrons in the ensemble are distributed

with different positions and momenta in a pure Coulomb potential, −Z/r. The motion

of electrons before, during and after exposure to a 0.8 psec (FWHM) Gaussian HCP

are tracked by numerically integrating the classical equations of motion. For a given

HCP field, the ionization probability is determined by the fraction of electrons in the

CTMC ensemble whose energies (following the HCP) are greater than the effective

ionization threshold, −Ec ' −32cm−1. Previous investigations with neutral Rydberg

atoms have shown that experimental HCP fields (or impulses) can be calibrated using

CTMC simulations [41, 42]. Thus, the constant factor between the upper and lower

field scales in Fig. 3.5, 0.0098 (a.u.)/(kV/cm), is used to calibrate the HCP impulse

delivered to Rydberg ions for a given bias field. This calibration factor is used in Fig.

3.6 and in Table 3.1 to compare the measured double ionization yields with results

of the impulsive ionization model and the CTMC simulation. However, it is worth

emphasizing that no calibration factor is required to directly compare the single and

double ionization data (see Fig. 3.6).

3.4 Summary

In this chapter, HCP ionization of Rydberg ions has been explored for the first

time. The measured double ionization yields for Ba ng+ ions are found to be in rea-

sonable agreement with the predictions of an impulsive ionization model and CTMC

simulations. We note that the classical Kepler period can be written, τK = 2πZη3.

Thus, τK increases in proportion to Z, and the impulse approximation should im-

prove with increasing ion charge for fixed η. Therefore, the understandings of HCP

ionization for Rydberg atoms can be applied to the investigation of Rydberg ions,
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particularly to our double Rydberg wave packets experiments, when the duration of

the HCP is less than the Kepler period of Rydberg wave packets.



Chapter 4

Measurement of the Quantum

State of Ionic Wave Packets using

HCP

4.1 Introduction

Wave packets are non-stationary, spatially localized quantum systems in atomic

physics [11]. They connect quantum mechanics and classical mechanics and can help

us to deepen our understanding of quantum physics. The unique time-dependent

properties of wave packets make them a preferred candidate for studying time-dependent

interactions in atomic physics including collisions between atoms or charged particles,

the collisions between electrons within multielectron atoms or the response of elec-

trons to a laser field [11]. The understanding of these problems can be obtained

by monitoring the evolution of wave packets. To reach our goal of viewing time-

dependent energy exchange in doubly excited wave packets, we must first be able to

42
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Figure 4.1: Laser excitation scheme for producing an ionic ng+ Rydberg wave packet.

characterize the wave packets launched into Ba+ and Ba++ potential, respectively.

Following the investigation of the impulsive ionization of ionic Rydberg states in the

previous chapter, we examine the evolution of ionic wave packets using HCP as a

probe.

4.2 Experimental procedure

The experiments described here use a nearly identical set up as that detailed in

the previous chapter (Fig. 3.3). The only notable difference is the use of a short

pulse laser to excite a coherent superposition of, rather than single, ng+ eigenstates.

Specifically, a ∼ 500 fsec, 313nm pulse is used to excite Ba+ 4f7/2 ions into ng+

Rydberg wave packets. This laser pulse is generated by frequency mixing the 200

fsec ∼524nm pulses from an OPA with the 100 fsec 780 nm Ti: Sapphire output in

a 1 mm thick BBO crystal. Then, the wave packet is exposed to HCP. The double

ions are collected by a 2400V/cm field pulse about 50ns after the HCP. The double
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ionization is recorded as a function of time delay between HCP and the excitation of

the ionic wave packet.

4.3 Results and discussion

The double ionization signal as a function of delay between the HCP pulse and

the launch of the ionic wave packet is shown in Fig. 4.2. As we discussed in the

previous chapter, the HCP acts as a momentum kick on the atoms under the impulsive

approximation. The ionization yield is the integral of the electronic momentum-space

probability distribution along the kick direction [45], i.e.

P (pc) =

∫ ∞

pc

Ψ(p)Ψ∗(p)dp, (4.1)

where pc is the critical momentum along the kick direction that is required for ioniza-

tion. As defined in chapter 3, pc is determined by HCP strength, A, and the electron

binding energy.

As a wave packet evolves, its momentum distribution changes as well (Fig 4.3).

For a specific HCP impulse, ~A, and time, t, the HCP ionization probability reflects

the probability that the wave packet has a momentum greater than the critical mo-

mentum, pc, at that instant.

The wave packet double ionization signal versus time delay between the HCP and

the excitation laser pulses in Fig 4.2 reveals the motion of the wave packet. This

particular wave packet has a Kepler orbit time of ∼2.3 psec and the HCP ionization

probability is less than 50%. As indicated in Fig. 4.3, for weak kicks, pc is large

and the HCP ionization probability is significant only if the wave packet is very close

to the ion core where it has a large momentum. At early times, before the wave
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Figure 4.2: Double ionization signal as a function of delay between HCP probe and the
laser excitation of an ionic wave packet with an average principal quantum number,
n∼38. The ionization probability here is < 50%.
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Figure 4.3: A schematic diagram of the fraction of wave packet is ionized [56]. Here,
pc = 0.01 and shaded region represents the fraction of ionization probabilities at two
different time (a) τ and (b) τ ′, where τ ′ > τ .

packet is created, there is no double ionization. Double ionization becomes possible

when the exciting pulse and the HCP arrive at interaction region simultaneously.

This signal then increases to a maximum and begins to decrease, suggesting that the

momentum of wave packet decreases as it moves away from the core region. In the

quantum picture, the wave packet is initially localized near the core, where it has a

broad momentum distribution. Thus, as indicated in 4.3, the ionization probability

of the wave packet is significant. As the wave packet moves toward the outer turning

point of its classical orbit, the momentum distribution narrows. Thus, the ionization

probability of the wave packet decreases. After about 2.3 psec , i.e. one classical

Kepler period later, the wave packet returns to the core, resulting in a high ionization

probability. Due to the anharmonic Rydberg energy level structure, the wave packet

disperses in about two periods. The double ionization signal damps as the wave
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Figure 4.4: Double ionization signal of ionic wave packet for different HCP strengths.
The HCP strength increases from red to green to blue. The blue curve is shifted up
by 2× 10−7 in order to be distinguished from the green one.
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packet disperses and reappears as the wave packet revives after about 22 psec [58,59].

During this integer revival, the constituent states of the wave packet are in phase

again.

If the HCP kick is too weak to detect the lower constituent n states, the measured

characteristics of the wave packet do not represent that of the actual ionic wave

packet. This will hinder the understanding of the double wave packet experiments.

Therefore, we measured the double ionization probabilities of the same ionic wave

packets using different HCP strengths. Fig. 4.4 shows the double ionization signals

for three different HCP kick strengths. The HCP ionization probabilities are less than

50% for the three measurements. The limitation of applicable high voltages cross the

wafter prevents us from measuring the double ionization probabilities > 50%. A

clear phase shift in the signal modulations can be seen. This is the consequence of

the different critical momenta, pc, for different ~A (Eqn. 3.9). As the strength of the

HCP increases, the signal contributed by lower Rydberg states increases. This leads

to the a slight decrease in the wave packet period represented as shifts in Fig. 4.4.

4.3.1 Complex phase-retrieval method

From the double ionization probabilities, the constituent states and their relative

phase information can be obtained by a complex phase-retrieval method [57]. The

wave packet is the superposition of many real eigenstates ψj(~p) with energies Ej and

constant phases φj. In the momentum space and in the absence of any external

interactions [57],

Ψ(~p, t) =
∑

j

Cjψj(~p)e−i(Ejt+φj) (4.2)
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where the Cj are the real, time-independent amplitudes. The time-dependent prob-

ability distribution is then

P (~p, t) = |Ψ(~p, t)|2 =
∑

j,k

CjCkψj(~p)ψk(~p)e−i[(Ek−Ej)t+(φk−φj)]. (4.3)

The Fourier transform, S(~p, ∆E), of this time-dependent probability, P (~p, t), can

be used to extract the amplitudes of each eigenstates, Cj, and the phase difference

∆φkj = (φk−φj) between any two constituent eigenstates [57], where ∆E = Ek−Ej.

The amplitudes of states can be obtained by utilizing the proportionality of the ratio

of any two amplitudes of two eigenstates,
CjCi

CiCk
=

Cj

Ck
, with that of corresponding

amplitudes of fourier transform
S(~p,∆Eji)

S(~p,∆Eik)
and the normalization ,

∑
k |Ck|2 = 1. Fig.

4.6 shows the Fourier transform of the double ionization probabilities for a range of

HCP kicks from weak(1) to strong(8). The weak HCP kick can not detect the low n

states in the ionic wave packet. By increasing the strength of HCP, the contribution

of the low n states to the double ionization probability emerges. As noted above, this

results in the phase shift observed in the double ionization yields shown in Fig 4.4.

The average phase and amplitudes of the constituent eigenstates in the 38g+ ionic

radial wave packet can be extracted from the Fourier transform of measured time-

dependent probability distribution (Fig. 4.6). In Fig. 4.7, the extracted information

is separated into to low and high HCP kicks. The blue color denotes the lower HCP

kick, specifically the data sets of 3 and 4 in Fig. 4.6. The red color corresponds to

the highest two HCP kicks in the experiment. We group them separately as a check

of the independence of the recovered amplitudes and phases on the HCP amplitudes.

The difference of the HCP strength in each group is insignificant compared to that

between low/high HCP kicks groups. The error bars in Fig. 4.7 represent the standard
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Figure 4.5: Discrete Fourier Transform of data shown in Fig.4.2. The vertical dashed
lines separate regions I, II, which indicates energy splitting between ng+ levels with
∆n = 1, 2, respectively.
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Figure 4.6: Discrete Fourier Transform of double ionization probabilities using differ-
ent HCP kicks. The strength of the HCP kicks increases from top to bottom, but all
the double ionization probabilities are less than 50%.
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Figure 4.7: Measured amplitudes and phases of constituent eigenstates in a ng+

ionic radial wave packet in Barium for low HCP strength(blue cross) and high HCP
strength(red circle). Both amplitudes and phases were obtained from the Fourier
transform of probability distribution measured by HCP. Since only the phase differ-
ence can be extracted, we define the phase of the 38g+ eigenstate to be zero.
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error of the mean for two different data sets in each group. As shown in Fig. 4.6,

the same constituent states are observed in both cases, and the amplitudes obtained

from the complex phase-retrieval method are almost identical within measurement.

The observed phase variation across the constituent states is the expected results of

the frequencies chirp of the excitation laser due to its passage through various optical

elements on route to the experiment.

Once the phases and amplitudes of constituent eigenstates are determined through

the complex phase-retrieval method, they can be used to reconstruct the evolution of

ionic wave packets. The recovered ionic wave packet distributions in coordinate and

momentum space are shown in Fig 4.8. The time evolution of these distributions is

consistent with the signal variation in Fig 4.2.

4.4 Summary

In this chapter, we have demonstrated for the first time that the time-dependent

probability distribution of the ng+ ionic wave packets can be measured by using

HCP ionization. The collapse and revival characteristics of ionic wave packets are

observed. Finally, the quantum states of ionic wave packets are determined by the

complex phase-retrieval method. Accurate characterization of these ionic wave pack-

ets is critical for probing double Rydberg wave packets as described in next chapter.
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Figure 4.8: Density plots of recovered time-dependent probability distribution for the
ng+ ionic wave packet described by Fig.4.7 in both coordinate and momentum space.
Dark denotes high probability regions.



Chapter 5

Time-Resolved Energy Exchange

Between Electrons in Double

Rydberg Wave Packets

5.1 Introduction

The interaction between electrons in two-electron atoms results in complex dy-

namics reflected by a rich excitation spectrum. There are various arrangements of the

two electrons in such atoms, and these are commonly referred to as configurations.

For example, one electron can be in the ground state while the other electron is in

an excited state. This situation is similar to a one electron atom even though there

are two valence electrons. Another possibility is that both electrons are in highly

excited states. In this case, many configurations are accessible to the two electrons,

and transitions between configurations result in interesting dynamics.

Many theoretical works have been conducted to investigate the two-electron sys-

55
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tems using both classical and quantum theories [1,66]. Experimentalists are also try-

ing to study various aspects of two-electron atom systems [7, 8, 10, 49, 50]. However,

most previous experiments were focused on relatively simple configurations, where

one electron is in a high Rydberg state while the other one is in the ground state or a

low excited state. Furthermore, the majority of these experiments utilized frequency

resolved spectroscopy at energies well below the double ionization limit. Here, there

are typically only a handful of coupled configurations and the energy levels can be

resolved spectroscopically. A few time-dependent experiments have focused on the

perturbation of the evolution of neutral wave packets due to the excitation of a second

tightly bound electron [10].

A few experiments have utilized frequency domain spectroscopy to search for

evidence of long-lived doubly excited states near the double ionization threshold [8].

However, these failed to identify any structure at energies where, in an independent

particle picture, the two electrons would occupy orbits of comparable size. With

the advance of well controlled sub-picosecond lasers, electronic wave packets with

controlled probability distributions can be produced in highly-excited Rydberg atoms

[11]. Thus, it is possible using wave packets to investigate time-dependent electronic

dynamics within a two-electron atom near the double ionization limit, where the

traditional frequency spectroscopy becomes useless due to the high density of energy

levels. Many theoretical investigations place the electrons in specific configurations,

then study the stability of these configurations [66,67]. Similarly, with controlled wave

packets, we can now perform experiments where electrons are placed in well-defined

initial configurations, and attempt to watch the change of configurations over time

in laboratory. Recently, the first time domain experiment near the double ionization

limit was conducted using a series of short laser pulses to produce double electronic
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wave packets where the initial positions, energies and angular momenta of the two-

electrons were precisely controlled [49, 50]. That experiment used the distribution

of final ionic states following the autoionization of double Rydberg wave packets to

infer the two-electron dynamics. The measurements indicated that energy exchange

between two electrons does not occur gradually. Instead, nearly instant ionization

occurs when the electrons collide with sufficient momenta so that one is knocked

off the atom. The radius where the two electrons meet is an important parameter

in determining the energy exchange and the distribution of final ionic states [49].

However, prior to the work reported here, no direct time-dependent measurement of

electron correlation near the double ionization limit had been conducted.

The sub-picosecond, unipolar HCP, as described in chapter 3, can provide a time-

sensitive probe to investigate the two-electron dynamics in more detail. Following the

discussion of the impulsive ionization of ionic states and the characterization of ionic

wave packets by HCP in the previous two chapters, we now describe an experiment

to investigate the time-dependent exchange of energy between double Rydberg wave

packets using HCPs.

5.2 Experimental procedure

This experiment is performed using the same basic setup described in the previous

chapters (Fig. 5.1). The excitation scheme for producing double Rydberg wave

packets is shown in Fig. 5.2. Instead of using resonant two-photon ionization of Ba

atoms to produce Ba+ ions (as described in chapter 3 and chapter 4), we first excite

one valence electron into a wave packet.

The two laser pulses excite Ba atoms from the 6s2 ground state through 5d6p 1P1
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Figure 5.1: Schematic of the experimental setup and the time sequence of laser ex-
citations, HCP, and field ionization pulse. All the laser pulses and HCP are pointed
from the same side. The angle between the HCP and the excitation lasers is ∼ 40◦.
The 2mm diameter extraction hole and the angle results in a time resolution, ∼ 0.8
psec for the experiments. This is comparable the the duration of HCP or the ex-
citation lasers. Therefore, the time resolution of the experiment is ∼ 1 psec. The
time t1 between L2 and L3+L4, is adjusted to control the relative phase of the wave
packets. A field pulse with a 50ns rise time pushes single/double charged ions into
the detector several 10’s of nanseconds after the lasers and HCP.
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Figure 5.2: Laser excitation scheme of double Rydberg wave packets. The related
ionic states are plotted side by side. The green curved arrows show the possible
autoionization paths from double excited states to nearby ionic states or continua.
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level, forming a 5d5/2nd wave packet. First, a 350 nm dye laser pulse promotes

Ba atoms from the 6s2 ground state into an intermediate 5d6p 1P1 level. Then a

sub-picosecond laser pulse from an OPA tuned to ∼ 526 nm creates a 5d5/2nd wave

packet with average principal quantum number n ∼ 25, maximum orbital radius

R1 ≈ 66nm, and classical Kepler period τ1 ≈ 2.3psec. This is referred to as the

“neutral” wave packet. At some time later, another two-step laser excitation promotes

the inner valence electron, creating a second, “ionic”, wave packet via the isolated

core excitation (ICE) method [68]. These two laser pulses are identical to those used

to excite Ng+ ionic wave packets as described in previous chapter, where N ≈ 38 ,

the maximum radius R2 ≈ 76nm and classical Kepler period τ1 ≈ 2.1psec. The delay

between L3 and L4 is fixed in the experiment while the delay between L2 and L3 is

controlled using a translation stage. We vary the time delay between the excitation

of two wave packets to control the initial relative radial position of the two wave

packets.

The double Ngnd Rydberg wave packets can decay via autoionization into a range

of N ′l+ Rydberg states. Prior to autoionization, the electrons may exchange energy

and angular momenta as the wave packets evolve. We expect that the rate at which

these processes occur depends on the relative positions of the electrons and the nu-

cleus. Our goal is to monitor this evolution through HCP double ionization. At some

time after L2, the atoms are exposed to a HCP whose duration is about 0.6 psec [34].

A ∼ 2400V/cm clearing field pulse applied to the interaction region approximately

50 nsec after the HCP pushes single and double ions to the microchannel plate de-

tector. This clearing pulse ionizes highly excited Ba+ Rydberg states to Ba++. The

minimum values of N’ for which electrons can be ionized to Ba++ are N ′ ' 32 or

N ′ ' 37 for adiabatic and diabatic field ionization respectively [15] .
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We note that the field pulse has sufficient magnitude to ionize both the n ≈ 25

neutral wave packet as well as the N ≈ 38 ionic wave packet. Thus, in the absence

of any time dependent interaction between the electrons, the double Rydberg wave

packets would be converted to Ba++ ions with 100% efficiency. However, because of

electron-electron interactions, if the wave packets are left to evolve without further

external influence, we observe very little double ionization signal at any delay between

the two wave packets. This is because autoionization occurs prior to the clearing

pulse. During autoionization, one electron typically becomes sufficiently bound in

the Ba++ potential such that the ion clearing pulse is no longer sufficient to ionize

it. For example, an n ≈ 25 neutral electron is bound by Eb = 175cm−1 and at

least this much energy must be supplied by the second electron for autoionization to

occur. Extracting this minimum energy from an N ≈ 38 ionic wave packet reduces

its principle quantum number to N ′ ≈ 30 which is below threshold for adiabatic or

diabatic field ionization.

Using a HCP, we can inject additional energy and momentum into the system

before, during and after any interaction between the electrons. The effectiveness of

the HCP in doubly ionizing the atoms directly, or in creating final ionic states that can

be ionized by the clearing pulse depends on how much energy is exchanged between

the electrons and whether these “collisions” occur before, during or after the HCP.

Thus, the HCP provides a time resolved probe of the electron-electron interaction in

the double Rydberg wave packet. The HCP strength is fixed at ∼ 7500V/cm, which

produces less than 50% direct ionization for both wave packets if there is no extracting

pulse. The two-electron dynamics are monitored through the double ionization yields

as the HCP delay, t2, relative to the excitation of the second wave packet, is scanned.

The double ionization signal vs. t2 is recorded for select values of t1 to study the
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effect of varying the initial positions and velocities of the two wave packets on the

two-electron dynamics.

5.3 Results and discussion

We consider two distinct situations depending on whether the HCP arrives earlier

or later than L3 and L4, i.e. the creation of the ionic wave packet. When the

HCP arrives in the interaction region after the creation of both neutral and ionic

wave packets, the double ionization signal reveals the correlated dynamics of the two

electrons. However, if the excited atoms are exposed to the HCP before the ionic

wave packet excitation, the double ionization signal reflects the evolution of the first

wave packet.

5.3.1 Characterization of 5dnd autoionizing wave packets

The total energy of the two electrons in the 5d5/2nd neutral wave packet is above

the 6s+ and 5d+
3/2 ionization limits of neutral Ba atoms, but below the 5d+

5/2 ionization

limit as illustrated in Fig. 5.2. Therefore, the two electrons can redistribute their

energies by a collision process, autoionization. One electron provides energy to the

other, resulting in a 0.1eV or 0.7eV free electron and a 6s+ or 5d+
3/2 ion respectively.

This autoionization results in a maximum useful delay between the launch of the

first and the second wave packets to less than two Kepler periods or so. Moreover,

when investigating the changes in the double ionization yields as a function of launch

delay for the second wave packet, it is necessary to account for the delay dependent

variation in the first wave packet population.

In the previous chapter, we described a method for characterizing the ionic wave
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packet used in the double Rydberg wave packet experiments. Viewing the HCP

double ionization yield prior to the excitation of the ionic wave packet allows us to

characterize the neutral wave packet as well. A momentum kick from the HCP can

deliver energy to the 5d5/2nd wave packet making the total electronic energy greater

than the 5d+
5/2 ionization limit. For strong HCP kicks, the number of 5d+

5/2 ions

produced by the HCP is proportional to the initial population of the 5d5/2nd wave

packet. Following the HCP, the 233 nm (L3) and 313nm (L4) lasers excite 5d+
5/2 ions

through 4f+
7/2 intermediate state into Ng+ ionic states. The 2400V/cm field pulse is

then used to collect ions.

We note that for the HCP strengths used, the neutral 5d5/2nd wave packet ioniza-

tion probability is less than 100% and is time dependent due to the evolving momen-

tum distribution of the wave packets. However, substantial energy exchange between

the electron and HCP results in further excitation of the electron. Thus, even if

the electron is still bound when the second wave packet is excited, autoionization of

the double Rydberg wave packet should result in the population of Ba+ ions that

are further ionized by the clearing pulse. However, if autoionization of the 5d5/2nd

wave packet occurs prior to the HCP, no ionic excitation can occur and there is no

Ba++ signal. Thus, the time-dependent double ionization signal is proportional to

the survival probability of the 5d5/2nd neutral wave packet as a function of time.

Fig. 5.3 shows the double ion yield from a 5d5/2nd autoionizing wave packet,

where the average effective principal quantum number of the wave packet is n ∼ 25.

Our measurement can be compared with the result of a two-channel quantum defect

theory calculation [60–62]. Discrete steps with period about 2.3 psec are visible in the

double ionization probability. The steps are due to the time-dependent autoionization

rate as the Rydberg electron moves near and away from the excited ion-core.
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The 5d5/2nd autoionizing radial wave packet can be understood by considering

two classical correlated electrons in Z=+2 Coulomb potential. The Hamiltonian of

such a system can be described by

H =
p2

1

2
− 2

r1

+
p2

2

2
− 2

r2

+
1

r12

, (5.1)

where ~r1 and ~r2 are the positions of the first and second electrons from the nucleus;

r12 = |~r1 − ~r2| is their mutual separation; and ~p1 and ~p2 represent the momenta

of two electrons. For 5dnd wave packet, the extent of the outer electron’s orbit

is much greater than that of the inner electron. Therefore, the condition r1 > r2

is satisfied except during very brief periods when the wave packet approaches the

nucleus [4, 5, 10, 63]. Thus, the interaction term 1
r12

may be expanded in a series

1

r12

=
1

|~r1 − ~r2|

=
∞∑

k=0

rk
2

rk+1
1

Pk(cos γ)

=
1

r1

+
r2

r2
1

P1(cos γ) + · · ·

(5.2)

where γ is the angle between the position vectors of the two electrons. Considering

only the first term in 5.2, the Hamiltonian is then

H =
p2

1

2
− 1

r1

+
p2

2

2
− 2

r2

, (5.3)

which describes a two independent electron mode in which the “outer” nd Rydberg

electron sees a 1/r Coulomb potential and the “inner” 5d electron experiences a 2/r

potential. However, in classical terms, the second and higher terms of Eqn. 5.2
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Figure 5.3: The survival probability of 5d25d autoionizing wave packet.The solid line
is the normalized double ionization signal by HCP as a function of time delay between
L2 and HCP. The dashed line is the result of a two-channel quantum defect theory
calculation described in text. The calculation assumes that the wave packet consists
of 6 coherently superimposed states in a Gaussian energy distribution with FWHM
50cm−1 centered about an average effective quantum number n=25.
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become non-negligible when the radii of two electrons are comparable. Quantum

mechanically, the interaction strength is a maximum at locations where the wave

functions of the electrons have a larger spatial overlap. Because the 5d+
5/2 electron

is bound tightly to the Ba++ core, r1 ≈ r2 only when both electrons are near the

core. Thus, the interaction of the two electrons due to these higher terms results in

periodic energy exchange between the two electrons. The autoionization rate is the

maximum at brief instances when the wave packet moves near the ion core and is

negligibly small when the wave packet is at a large radius. Therefore, the population

of 55/2dnd wave packets with respect to time shows step-like features as the Rydberg

electron moves in and out from the ion core at its classical Kepler period.

The Rydberg electron in the 5dnd wave packet moves outward quickly after the

excitation, such that the wave functions of the two electrons have less spatial overlap.

The chance to exchange energy between the two electrons is small, resulting in a

negligible autoionization rate and a nearly constant double ionization signal. When

the Rydberg electron returns to the core, the electrons redistribute their energies

due to the strong mutual repulsive force, releasing one electron into the continuum,

and decreasing the population of the bound wave packet. The survival probability of

5d5/2nd autoionizing wave packet has a step-like structure with step spacing equal to

the Kepler period of the Rydberg electrons [10,62,63].

Two channel quantum defect theory calculation

An approximate, but more quantitative description of autoionization of the 5d5/2nd

wave packets can be obtained using two-channel quantum defect theory [60–62].
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The spectral density of the 5d5/2 channel can be written as [60,61]

A(E) ∝ 1

sin π(n + δ + iγ/2)
, (5.4)

where n is the effective quantum number of 5d5/2nd autoionizing state, δ is the quan-

tum defect, γ is the scaled autoionization rate. After a laser pulse with spectral

amplitude F(E), the excitation amplitude of 5d5/2nd autoionizing wave packet is

S(E) = A(E) · F(E). (5.5)

The time-dependent autoionization rate of the 5d5/2nd wave packet is the square

modulus of the Fourier transform of this excitation amplitude

r(t) = |
∫

S(E)e−iEt/~dE|2. (5.6)

The rate at which each atom is excited to 5d5/2nd states is

r′(t) = |
∫

F(E)e−iEt/~dE|2 (5.7)

where we assume that F (E) has been normalized such that

∫ ∞

0

|
∫

F (E)e−iEt/~dE|2dt = 1 (5.8)

In this case, the probability that an atom remains in the 5d5/2nd autoionizing wave

packet as a function of time is given by the time integral of the net rate into and out

of the excited states
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P(t) =

∫ t

0

R(t′)dt′, (5.9)

where R(t) = r′(t)− r(t).

To characterize the wave packet, the measured decay signal is compared with the

calculated for a two-channel quantum defect theory which has been proven accurate

of the wave packets of interest [62, 63]. In particular, previous work [27] indicates

that J=0 states, which quantum defect, δ = 2.4, and the scaled autoionzation rate,

γ = 0.052 are predominantly excited. We vary the center of the average and range

of n-states in the wave packet to achieve the best agreement [62, 63]. A typical fit of

the theory to the experiment is shown in Fig. 5.3. While the fit is fairly sensitive

to the value of the average principle quantum number, it is insensitive to the range

of n-states included in the wave packet [27]. Thus, we use the measured bandwidth

of the excitation laser L2, ∆υ ' 50cm−1, to determine the distribution of n-states

about the average value.

5.3.2 Doubly excited Rydberg wave packets

As described in the previous section and the previous chapter, we are able to char-

acterize both the neutral and ionic wave packets by examining the double ionization

probability . If the HCP is directed into the laser-atom interaction region after both

wave packets are excited, the delay dependent double ionization signal should reveal

information regarding time-dependent two-electron interactions.

Fig. 5.4 shows two measurements with different delays,t1, between the excitation

of the two wave packets. All other conditions are identical. In this figure, the time

axis corresponds to the HCP delay following the excitation of the first wave packet. In

the upper plot, the ionic wave packet is launched about 7.2 psec after the neutral wave
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Figure 5.4: Double ionization signal as a function of HCP time delay with respect
to the excitation of the first electronic wave packet. The first wave packet is excited
at t=0, and the vertical lines indicate the time of the excitation of the second wave
packet.
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Figure 5.5: Schematic diagram of HCP energy transfer with respect to the double
and field ionization limits.

packet, whereas the first wave packet is excited about 1.7 psec preceding the excitation

of the second wave packet in the lower plot. As discussed in the previous section,

the double ionization yield in upper plot corresponds to the survival probability of

5d5/2nd neutral wave packet before the ionic wave packet is excited. In other words,

the double ionization yield is proportional to the number of atoms remaining in the

5d5/2nd states prior to the creation of the second wave packet.

In contrast, the lower plot shows that the excitation of the second wave packet

significantly reduces the detected double ionization yields. This suggests that the

excitation of the second wave packet quickly redistributes the energies between two

electrons. This energy exchange results in the population of ionic Rydberg states

of sufficiently low energy that cannot be ionized by the HCP and the clearing pulse

combination (see the schematic HCP strength diagram 5.5). Apparently, HCP double

ionization can be used to probe the time-dependent transfer of population either i) di-

rectly to ionic states which can not be ionized; or ii) into doubly excited configurations

which then decay into ionic states that cannot be ionized.

Due to the autoionization of the 5d5/2nd neutral wave packet, the number of atoms

excited into the double Rydberg wave packets decreases as the excitation time of the
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ionic wave packet is increased. In order to focus on the double Rydberg wave packet

dynamics, we eliminate the t1-dependent variation in initial double Rydberg wave

packet population by normalizing the double ionization signal to the 5d5/2nd survival

probability. As described in the previous section, this delay-dependent normalization

is obtained by exciting the second wave packet long after (∼ 7.2 pesc) the excita-

tion of the 5d5/2nd wave packet. Any variation from unity in the normalized double

ionization yield reflects the time-dependent energy exchange between the two wave

packets. This construction implicitly assumes perfect isolated core excitation neglect-

ing variations in the ionic wave packet excitation probability as a function of the wave

packet excitation delay [64]. This approximation may break down if the ionic wave

packet is excited during the brief periods when the neutral wave packet is near the

core.

We emphasize that by varying the time delay between L2 and L3+L4, the initial

relative positions and direction of radial motion of the two electrons can be adjusted.

Alternatively, the energies and periods of the two wave packets can be tuned by

changing the wavelengths of L2 and L4. The normalized experimental data for double

Rydberg wave packets with 38g25d and 38g23d initial configurations are plotted in

Fig. 5.6 and 5.7, respectively. In both cases, the normalized double ionization signal

shows a clear decrease upon the excitation of the second wave packet. This decrease is

the result of the interaction between the two electrons which is presumably maximized

at times when the wave packets are spatially overlapped.

Following the initial drop in signal, the normalized data levels out at long times,

with small modulations about a roughly constant background. This background

levels shows a variation which is consistent with a predicted periodic modulation as

a function of the time delay, t1, between the two wave packets. This modulation
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Figure 5.6: The normalized double ionization signal of Ngnd double Rydberg wave
packets, where n ∼ 25 and N ∼ 38, as a function of delay, t2, with respect to the
ionic wave packet excitation. Each data set corresponds to a different time delay, t1,
between the excitation of the two wave packets in terms of the Kepler period of the
first wave packet. The data are collected in a continuous delay scan and integrated
over (230 fsec) time bins. These time bins are significantly smaller than the >1 psec
combined temporal resolution of the lasers and HCP. The error bars represents the
standard deviation of two separate data sets.
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Figure 5.7: The normalized double ionization signal of Ngnd double Rydberg wave
packets, where n ∼ 23 and N ∼ 38, as a function of delay, t2, with respect to the
ionic wave packet excitation. Other conditions are the same as described in Fig.5.6.
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is more apparent in Fig. 5.7. For example, the background signal at large delays is

significantly greater for t1 = 1.27τ1 than for t1 = 0.99τ1. Recall that the magnitude of

the double ionization signal is a measure of the number of electrons which are bound

to the Ba++ ion with an energy less than the field ionization limit in the clearing

pulse. Given the long (>10nsec ) delay of the clearing pulse, it is highly unlikely

that any doubly-excited atoms survive to this detection time. Thus, the background

signal records the fraction of the initial double Rydberg population that is unbound

or weakly bound following the HCP and all two electron interactions.

To better investigate the background variation vs. t1, for each value of t1 the dou-

ble ionization signal is averaged over HCP delays t2 >4 psec. The average background

level is well established by this delay and the signal levels at longer t2 delays (>20psec)

are essentially identical. This indicates that the primary electron-electron interactions

have concluded within ∼ 4 psec following the ionic wave packet excitation. The aver-

aged background signal for two distinct data runs is plotted as a function of t1 in Fig.

5.8. The signal is smaller for excitation delays near integer multiples of the Kepler

period of the neutral wave packet. Apparently, more tightly bound ionic states are

produced when the neutral wave packet is near the inner turning point of its orbit at

the instant the second wave packet is excited. This observation is consistent with the

intuitive idea that the energy exchange between the two electrons is the largest when

the two electrons are near the ion core with large momenta, such that hard, violent

collision may occur. Conversely, the double ionization signal is largest when the neu-

tral wave packets is far from, and traveling away from the ion core when the second

wave packet is excited. In this case, the first energy exchange between electrons occurs

through gentle long range interactions. A quantitative investigation of the final ionic

state distributions resulting from the autoionization of double Rydberg wave packets
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Figure 5.8: The normalized double ionization background signal of 38g23d double
Rydberg wave packets as a function of delay t1 between the launch of two wave
packets in terms of the Kepler period,τ1, of the neutral wave packet.The error bar
represents the standard deviation of data.

was previously preformed by Pisharody [27,49]. Our measurements are in qualitative

agreement with predictions of that analysis. The data for the 38g25d configuration

does not exhibit any clear background modulations. This can be attribute to two

issues. First, autoionization of the 38g25d states results in the population of more

weakly bound states than in the 38g23d case. In the former, it is likely that all, or

most, of the final ionic states are ionized by the clearing pulse, except during a very

short time interval when both electrons are near the nucleus. The coarse sampling of

the wave packets delay time,t1, is insufficient to resolve a clear minima in the signal.
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Second, the signal to noise ratio in the 38g25d data set is poorer, making it more

difficult to define the background signal for a given value of t1.

As noted above, the time-independent background signal provides a somewhat

cruder version of the information that was offered from the first, and only other,

double Rydberg wave packet experiments which were performed several years ago

[49, 50]. However, the results presented here are unique in that they also provide

the time-resolved information on the electron-electron interactions. Indeed, the data

presented in Fig. 5.6 and 5.7 give the first direct view of time-dependent energy

exchange between electrons in double Rydberg wave packets. This is the primary

result of this dissertation.

The normalized double ionization yield data exhibit several robust HCP delay-

dependent features that reflect different aspects of the double Rydberg dynamics.

First, the excitation of the ionic wave packet is accompanied by a nearly immediate

drop in the normalized electron signal. This initial signal decrease is observed for all

the data sets, independent of distance of the neutral wave packet from the ion core

at the time of ionization. Intuitively, we might expect a substantial change in the

double ionization signal only after significant interaction between the two electrons.

According to previous works [49] significant energy is exchanged between the wave

packets only at times when their radii are comparable. For some wave packet delays,

t1, the ionic wave packet must travel out to the maximum radius of the neutral wave

packets, R ≈ 66nm , before this interaction occurs. Thus, it is not unreasonable to

assume that, for a range values of t1, that the decrease in the double ionization signal

would not occur for some time after the ionic wave packet excitation. However, this

time is not as long as one might initially expect. The ionic wave packet requires only

∼ 0.8 psec to reach the outer turning point of the neutral wave packet. Given the
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∼ 1 psec time resolution of the experiment, this 0.8 psec transit delay may not be

readily observable.

The second observation is that the slope of the initial signal decrease shows some

variation as a function of t1. This indicates, not surprisingly, that i) the rate of energy

exchange between the two electrons depends on their locations and relative radial ve-

locity during their first interaction, and/or ii) that the interaction between electrons

is not limited to a single, isolated event. Slow collisions and multiple collisions ap-

parently do occur.

Third, after the initial drop in signal, the double ionization yield ceases to decrease

monotonically, but instead, oscillates about a nearly constant background as described

previously. The phase and amplitude of these oscillations depend on the time delay of

the excitation of two wave packets. The classical simulations described below indicate

that these modulations reflect the evolution of the momentum distribution of the ionic

wave packet that is formed during autoionization. As described previously, the energy

transfer from the HCP to the ionic wave packet depends critically on it momentum

distribution at the time of kick.

5.3.3 Classical simulation

We utilize numerical simulations to guide our interpretation of the data beyond

the qualitative features noted above. Multichannel quantum defect theory (MQDT)

has been successfully applied to simulated time and frequency domain experiments in

two-electron systems [7,63]. However, MQDT is valid only for atomic states where the

Rydberg electron sees a Coulomb potential at large radial position. The three body

Coulomb system explored in this experiment has two electrons in high-lying Rydberg

states just below the double ionization limit of Ba. Neither electron is confined to a
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small volume surrounding the Ba++ ion. The electron wave functions can overlap

at very large distances from the nucleus, and no distinct Coulombic regions can

be defined for either electron. Thus, MQDT is not applicable. In addition, direct

time-dependent quantum simulations are very difficult because of the extremely high

density of bound and continuum states in this energy regime [66]. Instead, due to the

fact that we excite both electrons into high lying Rydberg wave packets, following

Pisharody [27,49], we utilize a classical simulation in an attempt to better understand

the experimental results.

As discussed in the previous chapters, the evolution of a singly excited radial

wave packet can be described as a shell of probability density, radially breathing in

and out in a Coulomb potential. This wave packet can be modeled as an ensemble

of classical electrons with the nearly same energy and angular momentum moving

together in a pure Coulomb potential. We use this classical concept to treat two

spinless electrons interacting through their mutual Coulomb repulsion in a doubly

charged Coulomb potential. The two electrons are launched from the nucleus with

relative delays, energies and angular momenta defined in the experiments. Newton’s

equations of motion are used to track the evolution of the two electrons for some period

of time. In order to simulate the HCP detection in the experiments, the electrons are

the exposed to a Gaussian field pulse with a ∼ 0.6 psec full width at half maximum

(FWHM) duration. Rectangular Cartesian coordinates are used and the polarizations

of the lasers are fixed along the z-axis. As in experiment, calculations are performed

for different wave packet and HCP delays.



Chapter 5. Time-Resolved Energy Exchange Between Electrons in Double Rydberg
Wave Packets 79

+2

e 1

e2
y

z

x
L2

L1

Figure 5.9: Schematic diagram of initial condition of two electrons. Two cones indi-
cate the possible angular momentum vectors L1 and L2 with total Mz = 0.
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Initial conditions

We select the initial conditions for the ensemble of electrons using the parameters

from the experiments. The principal quantum number of the first electron, with

energy E1, is

n =

√ −1

2E1

. (5.10)

When the wave packet is excited, the electron is localized near the inner turning point

of its elliptical orbit in a pure, singly-charged Coulomb potential. The first electron

moves in the Coulomb potential for a time t1 before the launch of the second electron.

Kepler’s equation [75],

ωt1 = Ψ− e sin Ψ (5.11)

is used to solve for the eccentric anomaly, Ψ, where ω = 1/n3 is the frequency of

revolution and e the is eccentricity of the orbit. Then, the orbital angle θ(t1) at time

t1 can be calculated using [75]

tan
θ

2
= tan

Ψ

2

√
1 + e

1− e
(5.12)

Prior to the launch of the second electron, the “ initial” radius of the first electron is

r(θ) =
l21

1 +
√

1 + 2E1l21 cos(θ)
(5.13)

, where l1 is the angular momentum of the first electron. The “initial” velocity of the

first electron can be found by

v
(1)
x0 = ṙ(θ) cos θ − l1

r(θ)
sin θ (5.14)
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v
(1)
y0 = ṙ(θ) sin θ − l1

r(θ)
cos θ, (5.15)

where

ṙ(θ) =

√
2

r(θ)
− 1

n2
− l21

r2(θ)
(5.16)

and v
(1)
x0 , v

(1)
y0 are two orthogonal components of velocity in the plane of the Kepler

orbit. Because of the finite duration of the excitation laser, the precise time at

which this first electron is excited is not well defined in the experiment. To take this

uncertainty into account, t1 is selected accordingly to a Gaussian distribution with a

FWHM of 0.7 psec equal to the temporal width of the wave packet excitation lasers

added in quadrature. The durations of these pulses are extracted from experimental

measurements.

Similarly, the second electron is initialized according to its energy E2. Assuming

the first electron is far from the nucleus at the instant of its excitation, the principal

quantum number of this electron is

N =

√−2

E2

, (5.17)

in a pure −2/r potential.

The direction of the angular momentum vector for the first electron is determined

by its projection onto the z axis,

m1 = ~l1 · ẑ, (5.18)

which ranges from −l1 to l1. The direction of the angular momentum vector is

chosen at random and the position and velocity of the first electron are determined
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by rotating the electron orbit coordinates into the lab frame using Euler angles [75].

Since all the excitation lasers in the experiment have the same polarization, the

projection of the total electronic angular momentum along the common laser axis

is zero. Therefore, the direction of the angular momentum of the second electron is

constrained according to

m2 = ~l2 · ẑ = −m1. (5.19)

Using Eqn. 5.19, the position and velocity of the second electron are transformed

into the lab frame from the electron orbit plane.

The energies of the two electrons are chosen at random from Gaussian energy

distributions which match those used in the experiment. The state composition of

the “ionic” wave packet is determined using the method described in the previous

chapter. The two-channel quantum defect theory fit to the data and the measured

bandwidth of L2 are used to determine the energy distribution of the neutral wave

packet, as discussed in the previous section. Calculations are performed over a range

of HCP delays, duration, and strengths. However, for direct comparison with the

experimental data, the numerical results and discussion below focus on calculations

performed using the laboratory HCP duration 0.6 psec FWHM, ( as determined by

independent measurement [34] ), and impulse 0.0038 a.u., (as determined by HCP

ionization of Rydberg eigenstates excited in the same apparatus [69]). Typically,

2000 two-electron trajectories are used to determine the double ionization yield at

each HCP delay.

The motion of both electrons in the 2/r Coulomb potential in the presence of

the mutual repulsive force between two electron is calculated using a fourth order

Runga-Kutta routine [70]. For each electron pair, the calculation is run until at least
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one electron gains sufficient energy to escape the atom. Because of the long range

interaction between electrons, ionization of an electron is not well-defined at finite

distances from the nucleus. The functional criteria for stopping the computation are

i) at least one electron is at a radius > 20000 a.u. and ii)the separation between the

electrons is greater than 95% of the largest radius of two electrons . This ensures

that at least one electron will ionize and that the electron interaction energy is <

5% of the total energy of either electron. The electron which is the smallest distance

from the ion is labeled the “ionic” electron. The energy of the “ionic” electron is

compared to the ionization limit determined by the clearing pulse. If the energy is

greater than this limit, then a double ion is counted, otherwise, only single ionization

has occurred. Note that this limit depends on the angular quantum number m of the

ionic electron. The classical simulations indicate a spread in the angular momentum

of the final ionic Rydberg state with N > l ≥ |m| ≥ 0 as shown in Fig. 5.10.

In order to determine the correct ionization limit for each ionic electron, the role

of the quantum number m in the Stark effect in non-hydrogenic ions must be taken

into account. Field ionization of an electron in a hydrogen-like ion occurs if the

electron energy exceeds the height of the local minimum, Ec, in the potential energy,

V , associated with the “downhill” parabolic coordinate, η = r − z,

V (η) = −F

2
η − 2Z2

η
+
|m|2 − 1

2η2
. (5.20)

[73] Here F is the magnitude the static field and Z2 is the effective charge in the down-

hill coordinate [73]. ηc is the position of the local minimum defined by dV/dη|ηc = 0.

Note that Z2 depends on the orientation of electron’s orbit, which is defined by the

Runge-Lenz vector [74]
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Figure 5.10: The angular momentum distribution of final ionic states after autoion-
ization for 38g25d wave packets with the time delay between two electronic wave
packets from 0.1 psec to 2.9 psec in absence of HCP.
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~M = ~p×~l − Zr̂ +
1

2
(~r × ~F )× ~r. (5.21)

The ẑ projection of ~M , Mz, is related to the separation constants Z1, Z2 in parabolic

coordinates. Mz is a constant of the motion and its value ranges from −Z ≤ Mz ≤ Z

in a static field. Thus, the separation constant Z2 can be written as [74]

Z2 =
1

2
(Z− < Mz >). (5.22)

Mz and m for the ionic electron can be readily extracted from the calculation to

determine the critical energy Ec for field ionization of each electron.

Of course, for non-hydrogenic ions, like Ba+, orbital precession occurs in the non-

Coulombic potential. If the precession frequency is large enough, the critical field

ionization energy, Ec, is independent of orbit orientation, Mz, and is equal to the

minimum critical energy (that for the most downhill state) in hydrogen. However,

for large values of m, the electron does not sample the non-Coulombic portion of

the potential, orbital precession is negligible, and the static field dynamics proceed

as in hydrogen. Therefore, we define a critical value of |m| = mc [26, 71]. We

assume that electrons with |m| ≥ mc ionize as in Hydrogen, whereas electrons with

|m| < mc ionize at the standard threshold for diabatic field ionization of alkali atoms,

Ec = 3/2
√

FZ [15]. Typically, we set mc = 8, but our results are quite insensitive to

the specific value of 6 ≤ mc ≤ 10.

Simulation results

In order to compare with the experiments, we use the “ wave packet” terminology

to describe a classical distribution in this section. Of course, the simulation uses the
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Figure 5.11: Simulated trajectories of two electrons with a neutral wave packet,n =
25, and the ionic wave packet, N = 38. The right column is the radial distance of
the “ionic” electron as a function of time with respect to the excitation of the neutral
wave packets. Analogous plots for the first electron are shown on the left. From top
to bottom, the time delay between the excitation of the two electronic wave packets
decreases from 1.3 τ1 to 0 psec with a step size of 0.25 τ1. The maximum radial
distance is 5000 a.u for each plot. Darker regions indicate overlapping trajectories
and, therefore, higher probability.
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Figure 5.12: Simulated trajectories of two electrons simulation with a neutral wave
packet, n = 23, and the ionic wave packet, N = 38. The right column is the radial
distance of the “ionic” electron as a function of time with respect the excitation of
the neutral wave packets. Analogous plots for the first electron are shown on the
left. From top to bottom, the time delay between the excitation of the two electronic
wave packets decreases from 1.7τ1 to 0 with a step size of 0.3τ1. The maximum radial
distance is 5000 a.u for each plot. Darker regions indicate the overlapping trajectories
and, therefore, higher probability.
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ensemble of classical electron trajectories, which is not the the coherent wave packets.

First, we examine the two wave packets’ evolution without the HCP. Fig. 5.11

and Fig. 5.12 show the simulated, time-dependent radial probability distributions for

selected values of t1 for 38g25d and 38g23d double Rydberg wave packets, respectively.

The simulations assume excitation pulses with durations of 400 fesc and 670 fsec,and

the wave packets are composed of 6 and 3 n-states for the neutral nd and Ng+ wave

packets, respectively. Prior to the launch of the second wave packet, the first wave

packet oscillates radially in a singly charged potential. Immediately following the

excitation of the second electron, the radial position, r2, of the second wave packet

is much less than that of the first wave packet, r1. Thus, to lowest order in the

electron-electron interaction, the first wave packet and the second wave packet see

ion core charges of Z1 = 1 and Z2 = 2, respectively, and move independently in

their respective potentials. However, at some time within half a Kepler period of the

second wave packet, the mean radii of the two wave packets will coincide, r1 = r2 = R

within our lowest order approximation, the two electrons exchange roles for r2 > r1,

with the first wave packet providing the screening for the second wave packet. The

sudden change in screening results in an energy increase, ∆E2 = 1/R for the second

wave packet and equal energy increase, ∆E1 = −1/R for the first wave packet [27].

If ∆E2 exceeds the initial binding energy, −2/N2, of the second wave packet, then

this electron is no longer bound and leaves the atom. If this sudden energy exchange

occurs at too large a radius, ∆E2 is insufficient to ionize the second wave packet.

This electron then moves as a highly excited neutral wave packet and returns to the

ion core at some time later to interact with the first wave packet again. Eventually,

a collision occurs at sufficiently small radius, R, for ionization of one of the two

electrons [49]. This qualitative picture is bore out quantitatively in the simulations.
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If the ionic wave packet is excited while the neutral wave packet is near the core,

the second electron acquires enough energy to leave the atom immediately, and the

recognizable coherent oscillations of the first wave packet is destroyed as the strong

mutual repulsive force between two electrons redistributes population over a wide

range of final ionic states. However, the coherent evolution of the first electron is well-

preserved for some time after the first collision if it occurs near the outer turning point

of the neutral wave packet. In this case, the second electron is promoted to higher

energy states which have Kepler time scales exceeding the ∼2.1 psec of the initial 38g+

wave packet. This is in accord with the sudden ionization model [49]. Ionization only

occurs when the collision radius is smaller than a critical radius Rc = N2/2.

Fig. 5.13 shows the final ionic state distributions following the autoionization of

the wave packets shown in Figs. 5.11 and 5.12. When the time delay between the two

wave packets is close to an integer multiple of the Kepler period of the first electron,

the location where two electrons meet is close to the ion core. Therefore, the second

electron gains more energy and the first electron loses more energy than when the

electrons meet far from the nucleus. Consequently, lower ionic states are produced.

This is in contrast to the distribution observed when the electron shells cross near

the outer turning point of the orbit of the first wave packet [27].

As described previously, the basic premise of our experimental technique is that

the HCP double ionization signal reveals the time-dependent energy exchange be-

tween the two electrons. More precisely, the HCP delay dependence of the double-

ionization yield is a direct measure of the rate at which ionic Rydberg states, which

are too tightly bound to be ionized by the HCP and clearing pulse combination, are

produced via electron-electron interactions. However, the utilization of this approach

for extracting quantitative information on the energy exchange rate involves an im-
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(a) Finial ionic state distribution 38g25d (b) Finial ionic state distribution 38g23d

Figure 5.13: Simulated final ionic state distribution following autoionization of the
38g25d and 38g23d wave packet configurations without HCP. The warmer color de-
notes higher probability. The dark line indicates the ionization threshold determined
by the 2400V/cm clearing pulse ( assuming diabatic field ionization [15] ). The x-axis
is the time delay between the excitation of the two wave packets in units of the Kepler
period, τ1, of first wave packet.

portant assumption. Namely, the double ionization signal observed for a HCP delay

t2 depends only on electron-electron interactions before the appearance of the HCP.

That is, we neglect energy exchange between the electrons following the HCP. These

assumptions are clearly violated at some level.

First, “post-collision interaction” (PCI) between two continuum electrons can re-

sult in the re-capture of one electron [50]. The exposure of the atom to a HCP, after

a delay t2, might promote both electrons into the continuum such that a high double

ionization yield would be expected. However, strong PCI following the HCP might

result in the recapture of one electron, thereby reducing the double ionization yield.

Second, significant energy exchange between the electrons prior to their exposure

to the HCP, should be reflected by a small double ionization yield. However, the HCP

might actually reverse the direction of an exiting electron, resulting in a re-collision

of the two electrons and the creation of states that ionize in the clearing pulse.
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It is worth noting that such “final-state” interactions are a fundamental obstacle

to any time-dependent probe of multi-particle dynamics. It is important that the

influence of these effects is quantified when using any probe schemes. We use the

classical trajectory Monte Carlo simulations to gauge the impact of the final state

interactions on our experimental results.

We define a time-dependent variation, σee =

√∑
N (V 2

ee−1/r2
0)

N
of the interaction

energy Vee = 1/|~r1 − ~r2| relative to the lowest order screening term 1/ro, where r0 is

the radius of the outer most electron, and N is the number of trajectories. As noted

previously, approximating Vee by 1/r0 results in independent motion of two electrons

in singly- and doubly-charged Coulomb potentials, respectively. These σee specifies

the typical deviation of Vee from the independent particle interaction energy, and this

quantifies the magnitude of energy exchange between two electrons as a function of

time. In Fig. 5.14, σee is shown as a function of time for several HCP delays and

distinct double Rydberg wave packet configurations. In particular, simulated results

are shown for the second electron excitation occuring when the first electron is at

either the inner or the outer turning points of its motion for both the 38g23d and

38g25d initial configurations. For comparison, the expectation values for the radial

positions of the two electrons are shown on the same time axis. The instant at which

the double Rydberg wave packets are exposed to the 7500V/cm HCP is labeled by

vertical lines. Notably, σee drops steadily, but not always monotonically after the

excitation of the second wave packet. Not surprisingly, the decrease in interaction

energy is accompanied by an increase in the difference between the expectation values

for the radial locations of the two electrons. The small delayed peaks in σee in (a)

and (c) show that the second electron does not gain sufficient energy to ionize during

the first collision with the first electron, but does ionize when it returns to interact
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Figure 5.14: Time-dependent variation σee (left plot in each pair) and the expectation
values of radial position of two electrons (right plot in each pair) as a function time for

38g25d(a)(b) and 38g23d(c)(d), where σee =

√∑
N (V 2

ee−1/r2
0)

N
. Each curve corresponds

to the specific launch time of HCP indicated by vertical dash line. The y axis varies
from 0 to 400 cm−1 for each left plot. The radial distance varies from 0 to 15000 a.u.
for each right plot. The vertical line indicates the instant that the double Rydberg
wave packets are exposed to the HCP. In the radial position plots, the blue solid line
is for the outer electron which sees a −1/r potential, and the black dashed line is for
the inner electron which experiences a −2/r potential.
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with the electron a second time.

It is clear from Fig. 5.14 that while the interaction energy does not drop instantly

to zero during the HCP, there are no periods of significant energy exchange following

the HCP. Indeed, the HCP effectively eliminates further interaction between the two

electrons. The reduction in electron interactions is particularly evident in Fig. 5.14

(a) and (c) when the presence of the HCP, prior to the second interaction between

electrons, substantially reduces those interactions.Thus, the simulations suggest that

the assumption of negligible electron-electron interaction following the HCP probe is

reasonable for current experiments.

The simulated double ionization probability vs. t1 and t2, obtained using the

experimental conditions, are shown as density plots in Fig. 5.15. The same nor-

malization procedure used for the experimental data is applied and the normalized

double ionization probability are shown in Fig. 5.15. The simulated double ionization

probabilities for different t1 are normalized to the double ionization probability for

the corresponding simulation when the second wave packet is excited 9.3 psec after

the first wave packet.

Several features observed in the experiment are apparent. First, the double ion-

ization yield decreases as a function of time and levels out at large times. Second,

oscillations in the double ionization yield are clearly observed. These oscillations are

due to the evolution of the ionic wave packets resulting from the first exchange of

energy between two electrons (see 5.11 and 5.12.) In the 38g25d case, the ionic wave

packets produced during this first “hard” collision have an average principle quan-

tum number N ′ ∼ 32 with Kepler period ∼ 1.2 psec. The ionic wave packets for the

38g23d configuration have a characteristic period ∼ 1 psec, which is comparable to

the duration of the HCP. Therefore, the modulations in the double ionization signal
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Figure 5.15: Density plots for unnormalized (a,c) and normalized (b,d) HCP double
ionization probability of 38g25d and 38g23d wave packets from classical simulation.
Zero delay corresponds to the excitation of the first wave packet.
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are more obvious in the 38g25d case as compared to the 28g23d case.

While some aspects of the classical simulation are in qualitative agreement with

the experimental observations, the numerical results fail to quantitatively reproduce

the experimental data. Line outs from the density plots of Fig. 5.15 are shown

in Fig. 5.16. The background signal levels are consistently higher in simulation

than those of the experimental data and the initial rapid signal decrease is absent.

Furthermore, the normalized simulated signals consistently show a small minimum

during the excitation of the second wave packet. The failure of the classical simulation

to provide a quantitative description of the experiments might be attributed to the

assumption of perfect ICE. The second electron is assumed to be launched as a perfect

ionic wave packet in a pure Z=2 Coulomb potential. This is only an approximation,

and in experiments some influence from the outer electron is present. A fully quantum

or semi-classical treatment of the laser excitation on subsequent dynamics may be

required to quantitatively reproduce the data.

5.4 Summary

This chapter presents the first experimental results on the direct probing of time-

dependent energy exchange between electrons in a double Rydberg atom. Following

the measurement of the ionic radial wave packets as described in chapter 4, the

5d5/2nd wave packet was characterized by comparing the double ionization yields

with two-channel quantum defect theory calculations. The evolution of the double

Rydberg wave packets was probed using a time delayed HCP to influence the double

ionization yield, both experimentally and by CTMC. We observe experimentally that

the excitation of the second wave packet results in rapid energy exchange between the
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Figure 5.16: The calculated normalized double ionization signal of Ngnd double
Rydberg wave packets, where n ∼ 25 and N ∼ 38, as a function of delay t2 with
respect to the ionic wave packet excitation. Each data set corresponds to a different
time delay, t1, in terms of the Kepler period of the first wave packet. The simulated
data are integrated over (230 fsec) time bins as in the experiment.
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two electrons, nearly independent of the initial distance of the initial neutral wave

packet. The rate at which energy is redistributed between electrons varies somewhat

as the function of time delay between two wave packets, but the temporal resolution

of the experiment is insufficient to make a quantitative analysis of the rates. Following

autoionization, the HCP probes the evolution of the resulting ionic wave packet. The

CTMC qualitatively reproduces some features of the experiment, however it fails to

quantitatively reproduce the observed dynamics in this two-electron system.



Chapter 6

Conclusion

This dissertation has described a series of experiments leading to the first direct

measurement of time-dependent energy exchange in double Rydberg wave packets

(DRWs). Several preliminary experiments paved the way for the primary measure-

ments. The first experiment characterized the field dependence of HCP ionization

of ionic Rydberg states. The second experiment explored the time-dependent evolu-

tion of Rydberg ion wave packets via HCP ionization and a method for determining

the quantum states of these wave packets was demonstrated. Finally, HCP aided

double ionization was used as a probe of time-dependent energy exchange in DRWs.

The following sections summarize the experiments, highlight their major results, and

conclude with suggestions for future work.

6.1 HCP ionization of ionic Rydberg states

Sub-picosecond HCP ionization of ionic Rydberg states was investigated to verify

the validity of the impulsive approximation for the ionization of ionic Rydberg states.

The measured double ionization yields as a function of the HCP strength for Ba+ ng+

98
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ions and Ba 6snd Rydberg states with approximately the same binding energies were

compared and found to be essentially identical within experiment noise. Furthermore,

we observed reasonable agreement between the experimental data and the prediction

of both in the impulsive ionization model and classical Monte-Carlo simulations.

Following these measurements, the HCP impulse delivered to a Rydberg ion can be

calibrated using known HCP ionization threshold for neutral Rydberg atoms.

6.2 Ionic Rydberg wave packets

The time-dependent characteristics of Rydberg ion wave packets were examined

before implementing the double excited wave packet experiments. The evolution of

these ionic wave packets was monitored for the first time using impulsive HCP ioniza-

tion. The radial beating dephasing, and revivals of the wave packets were observed

in analogous fashion to radial wave packets in the neutral Rydberg atoms. Using a

complex-phase retrieval method, the constituent states and relative phases between

these states were extracted from the time-dependent double ionization probability.

These parameters, along with the known Rydberg wave functions are sufficient to

completely reconstruct the evolution of the ionic wave packets in both position and

momentum space. Accurate characterization of neutral and ionic wave packets is

crucial for the interpretation of the double wave packet experiments.

6.3 Time-dependent energy exchange of DRW

After demonstrating a method to characterize ionic Rydberg wave packets, the

first direct time-dependent measurement of the dynamics of double Rydberg wave

packets was conducted utilizing impulsive HCP ionization both in the laboratory
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and in numerical CTMC simulation . Experimentally, energy exchange between the

two wave packets is observed almost at the instant of the excitation of ionic wave

packets. However, the rate at which autoionization occurs depends on the relative

initial positions and velocities of the two wave packets. Following autoionzation, the

evolution of remaining “ionic” wave packet is reflected in modulations in the HCP

aided double ionization yield. This feature is more visible in the CTMC simulations

than in the experimental results. The CTMC simulation supports our assumption

that significant electron-electron interactions do not occur following the HCP. The

elimination of such final states interactions is critical for time-resolved probes of

multi-particle dynamics in general.

6.4 Future directions

It is suggested in the experiments described in this dissertation and previous ex-

periments [49, 50] that the energies of two electrons exchange when two electrons

are close. Therefore, a possible experiment can be proposed to measure the angu-

lar distribution of ionic Rydberg wave packets using HCP. The HCP ionization of

Rydberg states corresponds to the momentum distribution of these states, which is

not possible to use it solely to measure the angular dependence of Rydberg states

unless the Rydberg states are oriented in the static electric field [72]. If we excite the

first electron into a wave packet, which has well defined orientation, for example, the

quasi-1D Rydberg atom, we can establish a z-axis. One way to generate quasi-1D

Rydberg atoms is to excite atoms to a Stark state with the presence of static electric

field, then use a HCP or a HCP train to produce a wave packet with a specific ori-

entation [76]. Once this electron is positioned. The ionic Rydberg wave packets can
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be prepared using ICE method with the electric field off. The large double ionization

signal will be found at where two electrons have large spatial overlap. Thus, a HCP

can be used to retrieve the angular variation of ionic wave packets by changing the

relative angle between the orientation of quasi-1D wave packet and the polarization

of the excitation laser of ionic wave packets.

The 3-body Coulomb system, double Rydberg wave packets, used in this disser-

tation and previous studies is controlled by changing initial energies of excited wave

packets and the relative time delay, phase difference, between two wave packets. How-

ever, these systems are constrained to the low initial angular momentum by optical

selection rules. The angular momentum dependent dynamics of two-electron system

is worth being investigated. One way is utilizing the Stark switching technique [77],

which can be applied to the excitation of the first wave packet. Atoms are excited into

a given level of a stark manifold with the presence an electric field. The field is then

reduced adiabatically to zero. Therefore, the excited state now only has the charac-

ter of a single angular momentum eigenstate. Another laser pulse further promotes

this electron to a Rydberg wave packet, which will have higher angular momentum

characters. Last, the second Rydberg wave packet can be produced by ICE method

similar to the experiments described here. However, this proposal may require find-

ing new excitation scheme instead of the one used in this dissertation for Ba atoms.

Another approach relies on the oscillation of the angular momentum of stark wave

packets. This oscillation starts from the initial value determined by laser excitation,

to the maximum value l = n − 1 and back to 0. The period of the oscillation is

τs = 2π/3Fn, where F is the static field and n is the principle quantum number.

Therefore, the relative delay between the excitation of two wave packets corresponds

to the difference of angular momenta. Consequently, the effect of angular momenta
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of two electrons can be studied [12].

In this dissertation, CTMC simulations are used to aid our understanding of

energy exchange in the 3-body Coulomb system. Though, some features of the data

are reproduced by this classical simulation, more work will be required to achieve

quantitative agreement between the experimental data and simulations. Quantum or

semi-classical techniques to treat the excitation and evolution of the double Rydberg

wave packets may be needed to further the understanding of such systems.



Appendix A

Runge-lenz vector

The Runge-lenz vector ~M is a constant for a particle moving under the central

force, F = mk/r. It is defined as

~M = ~p× ~L−mkr̂. (A.1)

where ~p is the momentum; ~l is angular momentum; m is the mass of the particle; k is

the parameter to describe the strength of central force; r̂ is unit position vector, i.e.,

r̂ = ~r
r

where r is the magnitude of ~r. Here we follow the notation used in Ref. [75].

The Runge-lenz vector defines the shape and orientation of the orbit of particle. This

can be seen by looking ~M · ~r

~M · ~r = ~r · (~p× ~L)−mkr (A.2)

= (~r × ~p) · ~L−mkr (A.3)

= L2 −mkr (A.4)

= Mr cos(θ), (A.5)
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Figure A.1: Schematic diagram of Runge-Lenz vector at four different points on a
ellipse orbit(Adapted from Ref. [78]).

where we use the relationship ~A ·( ~B× ~C) = ( ~A× ~B) · ~C and the θ is the angle between

~M and ~r. Therefore, we can derive

1

r
=

mk

L2
(1 +

M

mk
cos(θ)). (A.6)

By comparing with the equation of motion in the central force potential [75]

1

r
=

mk

L2
(1 + ε cos(θ)) (A.7)

the eccentricity of the orbit is then

ε =
M

mk
. (A.8)
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Furthermore, the magnitude of ~M can be written in terms of the energy, E, and the

angular momentum, L, of the particle,

M = mk

√
1 +

2EL2

mk2
. (A.9)

Consider an electron is moving in a Coulomb potential, −Z/r. If atomic units are

used, the magnitude of Runge-Lenz vector is then

M = Z

√
1 +

2EL2

Z2
(A.10)

= Z

√
1− 2L2(Z2/2n2)

Z2
(A.11)

= Z

√
1− L2

n2
(A.12)

where the energy E = −Z2/2n2 and k = Z are used. n is the principle quantum

number and L2 = l(l + 1) .
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