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Abstract

This thesis describes two separate investigations into the ionisation of the 3P2

metastable state of neon (Ne∗) by strong-field light pulses. The first is an inves-

tigation into the ionisation yield of Ne∗ and the second experiment examines the

electron momentum distribution of the ionised electrons.

Experimental ionisation results were compared to ionisation models via a scal-

ing fit to ion yield and laser intensity. The best laser intensity fit was provided by

TDSE based theory with η = 0.82. The effect of the spin state on ionisation yield

was also examined, and it was determined that there is an 15.3± 4.6% difference

in ion yield between atoms pumped into the stretched mj = ±2 states compared

to an atomic ensemble with a more even state population distribution. This was

an unexpected result that remains unexplained.

Experimental measurements of the transverse electron momentum distribu-

tion (TEMD) for Ne∗ that is ionised well in the over-the-barrier regime are com-

pared to the TEMD for Ar, which is ionised well in the tunnelling regime. It

was observed that as the polarisation of the ionising light becomes circular, the

distribution for Ne∗ remains cusp-like, whereas the distribution for Ar broadens

and becomes Gaussian. These results are predicted by a theoretical treatment

of the interaction with a TDSE model and quantitatively indicate that the free

electron is influenced in a non-negligible way by the ionic core in the over-the-

barrier ionisation regime. This has implications for the validity of the strong field

approximation in this ionisation regime.
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“‘And then there’s quantum of course.’ The monk sighed. ‘There’s

always bloody quantum.’”

– Terry Pratchett - Night Watch.
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Chapter 1

Introduction

The aim of this thesis is to explore the interaction of strong-field laser pulses

with neon that has been excited into a metastable state and characterise the

ionisation process. There are many different processes that may occur, but the

initial process is typically single ionisation of the neon atom. The strong-field

laser pulse is provided by an amplified few-cycle laser system. This section will

provide a brief introduction to the strong-field ionisation of an atomic target and

the reason for its interest. It will then briefly outline the use of strong-field few-

cycle laser pulses and the motivation for examining the ionisation processes. This

section will be concluded with an outline of the remainder of the thesis.

1.1 Ionisation by strong-field pulses

The interaction of strong-field laser fields with matter is a topical field [1, 2, 3,

4, 5, 6, 7]. Effects such as high harmonic generation (HHG), above threshold

ionisation (ATI), and non-sequential double ionisation (NSDI) all arise from the

ionisation of gas atoms or molecules by strong-field, few-cycle laser pulses [8, 9].

HHG in particular is an area of research with an immediate practical use; the

generation of coherent XUV pulses [3]. These phenomena have been described

by a semiclassical theory called the “three-step model” [10]. The first step of

the model is the tunnelling ionisation of the electron by the strong-field laser

pulse. The tunnelling process occurs as the high electric field strength near the

peak of the pulse suppresses the Coulomb potential binding the electron to the

nuclear core of the atom. If the potential is suppressed to a sufficient degree, the

probability of an electron tunnelling through the potential barrier increases to the

likely level. If the potential is suppressed even further the electron may even be

directly ionised. The second step of the model is the driving of the free electron

1
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Tunnel ionisation
V(r)

r

Acceleration Recombination

Figure 1.1: A diagrammatic representation of the three step model. V (r) is the
atomic potential, r is the radial distance from the atomic core. In the first step,
the atomic potential (green line) is suppressed by the laser field (red dashed line),
to the point where the valence electron (grey sphere) can tunnel into free space.
The second step is acceleration of the electron by the laser field. The oscillating
motion of the field accelerates the electron back towards the ionic core. The final
stage is recombination of the electron with the ionic core. The recombination
causes HHG, represented by the XUV photon (purple line). Recombination may
also cause secondary ionisation effects. If the driving laser field is not linearly
polarised, recombination may not occur, in which case ATI electrons can be
detected.

by the oscillating laser field. The final step of the model is the potential recollision

of the electron with the parent atom depending on the trajectory imparted to the

electron by the laser field.

In order to better understand the nonlinear effects arising from the three step

model, it is important to fully understand each step of the model. This thesis

will examine the first step of the model, that of the initial ionisation. There are

three broad regimes for ionisation, each of which is defined by its physical process

of ionisation. The three ionisation regimes are, in order of intensity required to

reach them, perturbative ionisation, tunnelling ionisation and over the barrier

ionisation (OBI). In order to provide an estimation of where the regimes change,

two important parameters will be introduced. The Keldysh parameter, γ, is the

standard method to determine whether perturbative or tunnelling ionisation is

the dominant ionisation method [8].

γ =

√
Ip

2Up
, (1.1)
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where Ip is the ionisation potential of the medium, and Up is the cycle-averaged

energy imparted to an ionised electron by a linearly polarised oscillating electric

field, known as the ponderomotive energy. The perturbative regime is defined as

γ >> 1, and the strong-field regime is defined in the region where γ << 1 [8].

Up =
Ie2

2cε0meω2
0

, (1.2)

where I is the laser field intensity, e is the charge of an electron, c is the speed

of light in vacuum, ε0 is the vacuum permittivity, me is the mass of an electron

and ω0 is the central frequency of the laser pulse. The Keldysh parameter arises

from Keldysh’s work to find common theoretical ground between perturbative

multiphoton ionisation and tunnel ionisation. Physically, the Keldysh parameter

is an adiabatic ratio that compares the time required to ionise an atom in a strong-

field to the period of the ionising radiation. When the period is long compared

to the ionisation time, the ionisation process can be reduced to a problem with

a static DC field component, from which tunnel ionisation arises [11]. The work

of Keldysh utilised the strong-field approximation to define a general analytic

formula for atomic ionisation. The strong-field approximation assumes that the

laser field will not change the initial bound state of the atom and that an electron

ionised into the continuum state does not feel the Coulomb force from the parent

atom [12]. γ was singled out as a parameter that could be examined at two

extremes. For the case where γ >> 1, the optical frequency is high and/or the

intensity low. The high frequency prevents the electron from tunnelling through

the potential barrier in the period during the oscillation cycle where the electric

field is high enough to allow tunnelling, which is the reason why multiphoton

ionisation is dominant in this regime. Likewise, for the opposite extreme where

γ << 1, the optical frequency is low and the intensity is high, where there is ample

time for the electron to tunnel through the potential barrier in each cycle. This

essentially makes the Keldysh parameter a measure of how quickly the electric

field of the laser oscillates compared to the time it takes for an electron to tunnel

through the Coulomb barrier.

A general examination of tunnelling ionisation in a high electric field was

carried out by Ammosov, Delone and Krainov in 1986 [13], and the result is

known as ADK theory. The theory provides an analytical equation that gives the

probability of an electron tunnelling out of the parent atom’s potential well under
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the influence of a high amplitude alternating electric field, given two assumptions.

The first was that only the initial and final states of the electron wavepacket are

relevant in tunnelling, and that any intermediate states can be ignored. The

second is that the energy of a single photon h̄ω is much less than the height of

the atomic potential, E and that the electric field of the atomic state is much

higher than the magnitude of the perturbing field from the laser.

The work of Ammosov et al. builds on work performed by Perelomov et al.

[14], where the probability for ionisation of atomic hydrogen is given by

w = C2
n∗l∗

√
3F

πF0

E0
(2l + 1) (l + |m|) !

2|m|(|m|)!(l−|m|)!

(
2F0

F

)2n∗−|m|−1

× exp

(
−2F0

3F

)
, (1.3)

where E0 is the energy of the atomic state, l and m are the orbital and magnetic

quantum numbers of the atom, F is the electric field amplitude, F0 = (2E0)
3/2,

n∗ is the effective principal quantum number given by n∗ = Z (2E)−1/2 and Z is

the charge of the ionic core. The terms of this equation arise from three different

considerations. The 3F/πF0 term results from averaging over the period of the

field, the 2F0/F term arises from the Coulomb interaction [15], and the remainder

is the result of the the probability of tunnelling through a short range potential.

Equation 1.3 arises by considering the evolution of an electron wavefunction tun-

nelling through the atomic potential into a Volkov wavefunction. The evolution

is influenced by the electric field of the incident laser field and its quasi-classical

perturbation of the atomic potential. In this equation, C2
n∗l∗ is a dimensionless

constant that is only known for the hydrogen atom. The work of Ammosov et al.

was to find an approximation for C2
n∗l∗ that could be applied to any target atom.

Consider the electron wavefunction, Ψ, in the region where the field from the

atomic potential is weak, but the effect of the external laser field can be neglected

[13]

Ψn∗lm(r) = Cn∗l∗

(
Z

n∗

)1/2(
Z

n∗

)n∗−1
exp

(
−Zr
n∗

)
Ylm

(r

r

)
. (1.4)

The effective principal quantum number n∗ is defined as n∗ = n − δl, where

δl = n−(2E)−1/2 is the quantum defect. This allows the effective orbital quantum

number to be defined as l∗ = l − δl ≡ n∗0 − 1. Now consider the asymptotic form

of a radial wavefunction of an arbitrary electron in a Coulomb potential [16]
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Rnl =
2nZ1/2 (Zr)n−1

nn+1 ((n+ l) ! (n− l − 1) ! )1/2
exp

(
−Zr
n

)
. (1.5)

By equating the coefficients between 1.4 and 1.5 and replacing the quantum

numbers n and l with their effective counterparts n∗ and l∗ it is possible to find

an analytical form for C2
n∗l∗ for an arbitrary atom of any atomic state. This is

a valid comparison as the conditions for the wavefunction in equation 1.4 still

imply influence from the ionic core potential. After application of the asymptotic

Stirling factorial formula [17], this gives

|Cn∗l∗ |2=
1

2πn∗

(
4e2

n∗2 − l∗2
)n∗ (

n∗ − l∗
n∗ + l∗

)l∗+1/2

, (1.6)

where e = 2.718... Equation 1.6 can be substituted into equation 1.3 to provide a

probability of tunnelling ionisation for an arbitrary atom in an arbitrary electric

field,

w =

(
3

2π

)3/2
Z2

3n∗3
f(l,m)

(
4e2

n∗2 − l∗2
)n∗ (

n∗ − l∗
n∗ + l∗

)l∗+1/2

...

×
(

2Z3

n∗3F

)2n∗−|m|−3/2

exp

[−2Z3

3n∗2F

]
, (1.7)

where

f(l,m) =
(2l + 1) (l + |m|) !

2|m| (|m|) ! (1− |m|) !
. (1.8)

Equation 1.7 was the result of Ammosov, Delone and Krainov’s work and is known

as ADK theory. However, ADK theory, while making some insightful assumptions

to approximate a solution, suffers in terms of accuracy for two reasons. Firstly,

it utilises quasi-classical perturbation theory in the process of generating the

expression for the ionisation rate, making it less accurate than a fully complete

quantum mechanical model. Secondly, due to the assumption that the electron

wavepacket is not affected by the Coulomb potential of the atomic core during the

ionisation process, the theory does not deal with over the barrier ionisation (OBI)

well, where for extremely high laser field intensities, the electric field suppresses

the barrier to the point where the valence electron can be promoted directly to

the continuum [3]. The difference between the tunnelling ionisation and OBI
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(a) Tunneling Ionisation

laser field

atomic potential

e-

(b) OBI

laser field

atomic potential

e-

V(r)

r r

Figure 1.2: A diagram outlining the major difference between tunneling ionisation
(a) and over-the-barrier ionisation (b). In (a), the electric field of the laser (red
dotted line) suppresses the atomic potential binding the electron to the atomic
core (blue solid line). As one side of the potential well is lowered, the probability
for the valence electron to tunnel through the barrier into the continuum increases,
and if the electric field is maintained at the required amplitude, over time the
probability of tunnel ionisation becomes unity. In (b), the amplitude of the
electric field is enough to suppress the potential to the point where the electron
is promoted ‘over the barrier’ into the continuum.

processes are highlighted in figure 1.2.

OBI arises from the classical consideration of the interaction between a high

electric field and the atomic Coulomb potential that binds the valence electron to

the atom [18]. For linearly polarised laser radiation it occurs in the regime where

Ebs ≥
I2p
4Z

. (1.9)

Typically equation 1.9 is given in atomic units (a.u), for which the equivalence to

units more common in the literature are given as follows; electric field strength, E,

1a.u. ≡ 5.14×109V/cm. Atomic core charge of the ion, Z, 1a.u. ≡ 1.602×10−19C.

The ionisation potential of the atom, Ip, 1a.u. ≡ 27.21eV.

As the relationship between the intensity of a laser beam and electric field is
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related by I
[
W/cm2] = |E [V/cm] |2/(2Z0) where Z0 = 377Ω is the impedance

of free space, it is possible to determine the field intensity where OBI becomes

dominant, Ibs. For the first ionised state of Ne∗, Ip = 5.1eV, which is Ibs =

2.7× 1012W/cm2. This is an extremely low laser intensity regime for the experi-

mentally available laser system in the laboratory (see section 2.2), and two orders

of magnitude lower than ground state neon, which has Ibs = 8.7× 1014W/cm2.

ADK theory does not provide a complete description of ionisation with a high

intensity laser field in general, and specifically in the case where it will be used

for this work, where the intensity regime is high enough that OBI is a significant

contributing process. This has been recognised, and several attempts have been

made to overcome this. Initially attempts to model this type of ionisation was

based on modifying ADK theory to account for barrier suppression ionisation.

One modification in particular was provided by Krainov and Shokri [19, 20, 3].

In this work, a Coulomb correction is introduced to the Volkov wavefunction.

This correction assumes a stronger interaction between the ionic core and the

released electron, which alters the Volkov wavefunction when solving as per the

ADK method. For low laser intensities, the solution reduces to the ADK theory

solution of ionisation probability [20]. Including the Coulomb correction, the

probability for ionisation is given by [3]

w(t) = ωp|Cn∗|2
(

4ωp
ωt

)2n∗−1

exp

(
−4ωp

3ωt

)
, (1.10)

where

ωp =
Ip
h̄

(1.11)

ωt =
eE(t)

(2mIp)
1/2
. (1.12)

Another attempt to modify ADK theory to account for OBI was performed

by Tong and Lin [21]. In this work, the authors propose a modified form of the

ADK equation to give the total ionization probability,

w(E) = wADKexp

(
−α Z

2E

4I
5/2
p

)
. (1.13)

The exponential correction term is expressed in terms of the scaled field strength

and ionisation potential, and is dependent upon the empirical value α. Values
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for α for different atomic species can be found in [21].

The main advantage of using ADK theory based methods for calculating ion-

isation probabilty is that they are computationally inexpensive. With the recent

increase in availability of computer processing time however, it is becoming in-

creasingly popular to numerically solve the time-dependent Schrödinger equation

for the electron, with the results dependent upon the approximations and meth-

ods used [22]. These methods are varied, but a sample would include work done

using the S-matrix method with the strong-field approximation [23, 24], work

done by propagating the time-dependent wave function in the integral form [22]

and work done with a matrix iterative approach [25]. A comparison of a TDSE

approach to modelling ionisation to the ADK theory is performed in chapter 4.

1.2 A history of strong-field laser interaction

with gas targets

Following the development of the Keldysh parameter as a metric for determining

the ionisation regime for any particular set of physical and experimental param-

eters, there was almost two decades where examination of strong-field ionisation

of atoms could not be performed experimentally due to the lack of lasers capable

of providing the electric field amplitude required to reach the strong-field regime.

The earliest examples of work examining ionisation in strong fields was performed

in the early 1980s at the Australian National University with 1064nm Nd:glass

lasers capable of delivering 1.8J per 25ps pulse [26, 27]. These works examined

the ionisation of helium and argon, comparing the expected electron energies of

perturbative multiphoton based ionisation and a rough approximation of Keldysh

tunneling theory to their observed results for different ionisation states. At that

point in time, ADK theory had not been developed, but the results strongly dis-

agreed with the expected perturbative electron energies and there was observation

of the ponderomotive force on an ionised electron [26].

Other attempts to observe strong-field regime ionisation before the develop-

ment of ADK theory were performed by Chin et al. and focussed on utilising a

lower frequency laser source [28, 29, 30]. These experiments were performed with

the 10.55µm and 9.55µm lines of a CO2 laser capable of producing multi-joule

1.1ns pulses, using atomic noble gas targets. The reasoning behind this approach

was that the lower frequency and hence lower photon energy reduces the contri-
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bution of multiphoton ionisation. This was observed in the results, where focal

volume averaged ion yields were fitted to multiphoton theory and Keldysh the-

ory. The disagreement with a multiphoton approach convinced the authors that

tunneling ionisation was observed.

Shortly after the appearance of ADK theory, the first example of OBI was

observed by Augst et al. [31, 32] in 1989. This work reverted back to shorter

pulses, utilising a Nd:glass-laser system capable of producing 100mJ, 1ps pulses at

a wavelength of 1053nm to ionise noble gas atoms. Observation of the ion yield

results compared favourably to the expected ADK results, but also compared

favourably to a simple classical model involving the superposition of an atomic

Coulomb potential with a static electric field [18]. This led the authors to the

conclusion that the electric field of the laser pulse was reaching intensities such

that OBI could occur. This sparked interest in the development of an ADK

solution which dealt with the occurrence of OBI as noted in section 1.1.

Around the same period of time it was noted that the interaction of linearly

polarised strong-field light pulses with atoms was generating HHG. The first ob-

servation of HHG was performed by McPherson et al. [33] in 1987, utilising Xe as

the gas target. At the time, the authors were unsure as to the exact mechanism,

but believed it to be a multiphoton process in nature and were capable of observ-

ing the 17th harmonic. Further investigation correlated high order harmonics to

ATI electron peaks [34, 35], establishing the connection between tunneling ioni-

sation and HHG. Studies of HHG were continued [36, 37], but it wasn’t until the

development of Corkum’s three step model [10] that the mechanism for HHG was

understood. Other experiments in strong-field ionisation during the mid to late

1990’s concentrated on expanding the understanding of HHG [38, 39] in order to

achieve a tabletop source of coherent attosecond pulses.

Around the turn of the millennium, reaction microscopes began making their

way into the field of strong-field laser/matter interaction as detectors, allowing

experimentalists to measure the momentum of the ionisation products [40]. The

development of such devices is reviewed in section 2.3.2. The new measurement

options generated renewed interest in strong-field ionisation as a path to im-

proving understanding of atomic electron structure and dynamics. For instance,

studies in multiple ionisation of noble gas atoms [4, 41, 42] utilised discrepancies

in expected electron momentum to identify that not all higher order ionisations

were a result of tunnel ionisation through sequential optical cycles. These works
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identified that the returning electron could cause secondary ionisation via recol-

lision (non-sequential double ionisation), or excite the atom to a higher energy

level, changing the ionisation potential of the target for the following optical cy-

cle. The effects of atomic structure on the dominant multiple ionisation process

were also examined by comparing electron momentum distributions of Ne, Ar

and He atoms [43]. This particular experiment lacked examination of different

atomic states of a single atomic species, possibly allowing nuclear spin and inner

electron core dynamics to affect the results.

During the same time period, the rising availability and use of few-cycle

strong-field laser pulses generated interest in the effects of few-cycle pulse prop-

erties on the ionisation process. Initial experiments indicated that there was a

shot-by-shot asymmetry in electron yields [5], which was attributed to the ran-

dom phase difference between the carrier wave and the envelope function of the

laser pulse, also known as the carrier-envelope phase (CEP). The CEP affects

few-cycle pulses to a greater extent than longer pulses as changes in the CEP

greatly alters the peak electric field of a few-cycle pulse (see section 2.1 for de-

tails). Several experiments were performed in order to specifically measure these

effects [42, 44] or use CEP to control the ionisation dynamics [2, 45, 46]. The

ultimate application of this line of research was the CEP single-shot phase meter,

a device that utilises asymmetry in a calibrated ATI spectrum to determine the

CEP of a single laser pulse [47].

Given the broad depth of detection devices and fine control over CEP now

available, experimentation has recently branched into several diverse fields. These

include the examination of ATI spectra of atomic targets with elliptically po-

larised light [48, 49], using CEP to time the release of electrons during sequential

ionisation [50], or utilising the ionised electron energy measurements from atomic

hydrogen to provide an accurate calibration of laser intensity [51].

1.3 Motivation

Modern molecular imaging often requires considerable post-processing calcula-

tions applied to the raw data, for example as in x-ray or electron diffraction

imaging. These calculations make assumptions regarding the electron motion

around nuclear cores, in particular, that the electron dynamics can be mostly

stripped out and approximated as charge shielding for the nuclear cores. As
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these types of imaging become more accessible it becomes increasingly important

to test the fundamental theories and approximations underpinning these tech-

niques. After all, how can it be said that the molecular structure is completely

understood if some of the fundamental electron dynamics that bind atoms to-

gether are approximated out of the calculations used to determine the structure?

The use of strong-field laser light to probe ionisation processes is one method with

which to examine those approximations. In general, exploration of strong-field

laser-matter interactions is performed to study or control electron dynamics in

atomic targets. Few-cycle strong-field lasers are an interesting avenue for this

study since they produce light pulses that have the ability to ionise atoms and

drive the resultant free electron rapidly by the oscillating electric field of the light

pulse and can subsequently generate sub femtosecond pulses of light [52]. The

timescale of these pulses approaches the revolution time of a valence electron

around an atomic nucleus, and thus this light can be used to directly probe and

image electron dynamics in an atomic system [53], which is of great interest to

atomic physicists. Using sub femtosecond light to image and control electron

dynamics is a prominent goal for scientists in the field of strong-field lasers for

a number of reasons. For example, fine control of sub femtosecond laser pulse

generation could be used to create a coherent tabletop x-ray laser source [8]. Us-

ing these sub femtosecond laser pulses it will be possible to image charge transfer

in molecular systems and to image charge re-ordering in an ionised system [52],

both of which will be of use to quantum chemists. Ultimately, the most general

aim of this thesis is to provide a slightly better understanding of the interaction

between light and matter.

Control of the generation of sub femtosecond light pulses is dependent upon

two things. The first is the shape and dynamics of the laser pulse, in particular

the oscillating electric field and it’s CEP as outlined in section 1.2. The second is

the atomic structure of the target atom [52]. For example, the initial velocity and

position of the electron after the ionisation process are paramount to describing

the trajectory of the accelerated electron [2, 8]. This is an area of active research

due to the fact that ADK theory, an early and popular example of strong-field

ionisation theory, makes two semiclassical approximations. The first is single

active electron (SAE) approximation where all atomic electrons aren’t treated

separately, rather the system is treated as a single valence electron interacting

with a nuclear core that has its charge shielded by the remaining atomic electrons.
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The second approximation is the strong field approximation (SFA) in which it is

assumed that once the valence electron has been removed from the parent atom,

the Coulomb attraction between electron and ion is negligible compared to the

force applied to the electron by the laser field. These assumptions are used and

they describe the initial electron position at the exit of the potential barrier with

zero velocity, with the electron trajectory described only by the force of the laser

field’s interaction with the free electron. The work presented in this thesis with

metastable neon shows that this approach is not valid (chapter 5), and that for

atoms with low ionisation potentials that the SFA is not necessarily valid. This

has implications for the accuracy of models for generation of sub femtosecond

light pulses that rely on the SFA.

The initial aim of this work was to examine the validity of different theoretical

approaches to OBI by utilising a target with a low ionisation potential, 3P2 Ne

(Ip = 5.1eV ). Work on low Ip targets has been performed before, but mostly

in molecular targets (see, for example, references [54, 55]), where ion fragment

interactions can affect observed results. This is the third work that examines low

Ip atomic species, the others being on Li targets [56] and metastable xenon [57].

Experimental results from low Ip targets explore an ionisation regime that has not

been examined in detail, and are therefore useful in testing the limits of currently

accepted theoretical predictions. In general, data from such experiments facili-

tates new experimental regimes to test theory. In particular, such experimental

results can improve the ability to model electron dynamics in the strong-field ion-

isation process for a particular target. This can be realised by improvements to

model potentials used in solving the TDSE of the ionising system with the aid of

the experimental data. This is of interest to researchers studying the structure of

matter, and there has been a number of experiments performed that provide this

kind of data, for example in references [4, 31, 34, 39]. These experimenets usually

utilise noble gas atomic targets due to their simple closed electronic shells, and

use laser pulses ranging from 6fs up to hundreds of femtoseconds. It should be

noted that there are a number of researchers interested in using atomic ionisa-

tion data to improve the accuracy of their TDSE calculations (see, for example,

references [58, 59, 60, 61]) in order to theoretically predict the observed effects.

The experiments conducted in this thesis are also motivated by other oppor-

tunities for experimental investigations that neon in metastable states present.

For instance, the choice of 3P2 neon and the experimental setup used also allows
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this work to examine the effects that spin polarising the valence electron of the
3P2 target atoms has on the ionisation process. The role of spin in the ionisation

is not fully understood and this is a line of research which, until this work, had

not yet been investigated. It contains useful information for theoretical examina-

tion, in particular how accurate the averaging of ms spin states is in modelling a

solution to the strong-field ionisation process.

The final experimental work performed in this thesis is to compare the evo-

lution of the transverse electron momentum distribution (TEMD) as a function

of the ellipticity of the polarising laser pulse for 3P2 Ne to a target with a higher

Ip, in this case 1S0 Ar. TEMD observations provide an experimental method

for differentiating between atoms that have undergone tunnelling ionisation and

those that have undergone OBI, an experimental tool which until this work did

not exist. This is an incredibly useful tool for an experimentalist to have, as

near the border between the tunnelling and OBI intensity regimes it could de-

termine whether the less computationally expensive ADK theory will provide an

adequate model of their system or whether a more complete TDSE solution is

required. The results here are derived from considering the role of Coulomb force

between the free electron and the ionic core - a tangible result for examining the

validity of the SFA as discussed earlier. Distinguishing experimentally between

OBI and tunneling ionisation is also a great tool for assisting with modelling

electron trajectories for a given ionisation event - information which is useful for

exploring the parameter space for generating HHG and exploring the dynamics of

non-sequential multiple ionisation. Additionally, the TEMD contains information

about the electron velocity distribution at the moment of ionisation, which is used

in modelling the Corkum three step process. Therefore experimentally examin-

ing how the TEMD evolves for a low Ip atomic target is critical for improving

theoretical modelling of nonlinear strong-field ionisation effects.

1.4 Thesis outline

This thesis contains the following content.

Chapter 2

Chapter 2 discusses the relevant theory behind few-cycle laser pulses. Current

theories for the ionisation of atoms by strong-field laser light are outlined and
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explained. This chapter concludes with introducing and explaining the laser

system used for the experiments presented, as well as the detection device for the

products of ionisation.

Chapter 3

Chapter 3 discusses the theory of excited states of neon and why metastable neon

is chosen as the target atom. It concludes with an explanation of the operation

of the metastable neon source used in the experiments.

Chapter 4

Chapter 4 outlines the experiment that compares the ion yield of metastable

neon when ionised with a few cycle laser pulse of varying intensities, as well

as the effects of fine structure of the electronic state on the ionisation process.

It discusses further applications of ionisation yield theory with respect to the

experimental setup. This chapter concludes with the results of the experiment

and their discussion.

Chapter 5

Chapter 5 explains the transverse electron momentum distribution (TEMD), and

how the TEMD should vary depending on the polarisation of the ionising laser

pulse and the ionisation regime. An experiment to measure the TEMD for differ-

ent atomic species is outlined, and the results from that experiment are presented

and discussed.

Chapter 6

Chapter 6 will discuss the conclusions that can be drawn from the results and

future directions for the work are presented.



Chapter 2

Australian Attosecond Science Facility

This chapter will discuss the theory of few-cycle laser pulses and defines some

relevant physical properties of such laser pulses. Few-cycle strong-field laser pulses

result in the ionisation of metastable neon. Exploring this ionisation process is

the focal point of this thesis, and therefore the understanding of these laser pulses

is vital for the work done in this thesis. A brief review of the of few-cycle laser

pulses will be presented in this chapter. The experimental laser system is an

important physical component of the experiments performed in chapters 4 and 5,

and the operation of said laser system was not trivial. To that end, following the

discussion on the theory of few-cycle pulses, the laser system used for ionisation

will be outlined. This is a commercial system, but it is not a simple turnkey

system. There are four major optical sections within the laser system, each of

which has to be peaked separately to obtain optimal experimental pulses. As this

process took a considerable amount of time, outlining the standard operation for

each optical section is relevant to the thesis.

A detector is required to observe the ionisation process, or more accurately

its products. Therefore, following on from the discussion of the laser system, a

review on detection devices designed to observe the ionisation products will be

presented. As the experiments performed in this thesis will look at the charged

particle products, this review will concentrate on the detection of charged parti-

cles and the advances made in those devices. The work done in this thesis was

performed using a cold target recoil ion momentum spectroscopy (COLTRIMS)

device. The correct operation of this device is vital for taking the measure-

ments performed in chapters 4 and 5 and as such, this chapter will outline the

COLTRIMS experimental setup. Like the laser system, the correct operation

of the COLTRIMS required effort to prepare and maintain, which is why this

discussion is justified.

15
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2.1 Few-cycle laser pulses and sources

2.1.1 Strong-field few-cycle laser pulses

Few-cycle laser pulses are defined as being laser pulses of fewer than 3 optical

cycles [8]. Since the turn of the millennium the interest in few-cycle laser pulses

has been rapidly increasing, and this is due to their application in experimental

nonlinear optics. Nonlinear effects are dependent upon the intensity of the light

incident on the material, whether considering the ionisation processes due to the

strong-field effects outlined in section 1.1 or perturbative nonlinearities [62].

Few-cycle laser pulses are of interest due to the potential to easily access high

peak intensities when tightly focussed. Optical intensity is related to optical

power via the simple relation I = P/A, where P is the optical power and A is

the cross-sectional area. When discussing intensity in a pulsed laser system, it is

important to be aware of the distinction between average power, Pav, and peak

power, Ppk. Average power is the equivalent of measuring the laser power in a

CW system, where the laser energy is integrated over a second to give the laser

power. However, in a pulse laser system there are periods of zero laser power

between pulses, which indicates that the power of each pulse must be higher than

the averaged power measured. Ppk is related to Pav as follows

Ppk =
Pav
τpfp

, (2.1)

where τp is the pulse duration and fp is the repetition frequency of the pulse train.

Therefore

Ipk =
Pav
τpfpA

. (2.2)

This relationship demonstrates that shortening the pulse duration can lead to high

peak intensities. Current laser systems can reach pulse durations in the order of

femtoseconds, with pulse intensities up to the order of 1015W/cm2 [51, 63, 64],

which are well suited for examining high order nonlinear processes. The electric

field of any laser pulse can be considered as a carrier wave inside an amplitude

envelope function [65],

E (t) = a0a (t) e−i(ωt+φ) + c.c., (2.3)

where a0 is the peak amplitude of the envelope and a (t) is a function that defines
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the shape of the envelope (such as Gaussian, sech2, sin4, etc). φ determines the

phase offset of the carrier wave from the envelope function and is known as the

carrier envelope phase (CEP). For pulses that contain many oscillations of the

carrier wave the CEP has little relevance [52]. However, for few-cycle pulses,

the CEP is an extremely important parameter. This stems from the temporal

evolution of the electric field waveform, as the shorter the pulse length the more

likely it is that the relative position of the carrier wave peaks within the envelope

affects the peak electric field amplitude. By adjusting the CEP, the effective

point of release of electrons during the ionisation process can be controlled. In

turn, this allows for the control of electrons in the oscillating laser field [46]. Also,

as the relationship between the electric field amplitude and the intensity of the

laser light is I(t) ∝ E2(t), it provides a method of fine control for the peak laser

intensity. For a typical Gaussian intensity envelope function, the term δCEP is

defined as the difference in intensity between a pulse with φ = π/2 (sine pulse)

and a pulse with φ = 0 (cosine pulse). The relationship between sine, cosine and

δCEP is shown in figure 2.1.

As mentioned in chapter 1, the high peak intensities made available by few-

cycle laser pulses creates interactions with matter that are highly non-linear. One

form of non-linearity of a material arises from perturbative interaction with an

electric field. This is a function of its polarisability P (t) [62]

P (t) = ε0
(
χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...

)
, (2.4)

where the nth power of χ represents the nth order of optical susceptibility in

the material. For instance, χ(1) represents linear optical processes while higher

orders represent the nonlinear processes [62]. Essentially, equation 2.4 represents

the interaction between the electric field amplitude of the light passing through

the material and the electric dipoles in a material, whether they are permanent

or induced. This in turn has effects on the propagation of the light. Each order of

χ above the first order introduces different nonlinear effects, but the key concept

here is that the nonlinear processes become more pronounced under higher electric

field intensities, which is why few-cycle pulses are of interest to studies of nonlinear

optics.

Of particular interest to generating few-cycle laser pulses is the nonlinear Kerr

effect, which alters the effective refractive index experienced by the incident light.

This effect arises from χ(3) and can be represented as [66]
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Figure 2.1: Effects of CEP on the electric field and the intensity of the wave. The
red line is a sine waveform and the blue line is a cosine waveform. E(t) is the
electric field of the light, a(t) is the Gaussian intensity envelope of the function, φ
is the the CEP as defined in equation 2.3. (b) shows the intensity I(t) of the sine
and cosine laser pulses. δCEP is defined as being the difference in peak intensity
between the two waveforms, as shown.
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n (I) = n0 + n2I, (2.5)

where n0 is the linear refractive index of the material and n2 the nonlinear refrac-

tive index of the material. As travelling light typically doesn’t have a uniform

radial intensity distribution, at the high intensities required to manifest the non-

linear Kerr effect the effective refractive index for the light is higher at the centre

of the beam than at the radially outer regions. This generates a self-lensing effect,

which is focussing if n2 > 0. Additionally, the temporal evolution of the wave is

affected by alterations to the phase velocity, which can temporally broaden the

spectral profile of the pulse [67]. Both of these effects can be utilised to provide

control to the spectral profile of laser pulses of sufficient intensity.

It is possible to generate few-cycle laser pulses by utilising the mode-locking

of a specifically designed cavity. Mode-locking is an interference phenomenon

whereupon a large number of coherent longitudinal laser modes oscillate simulta-

neously in a laser cavity [8]. If the modes are correctly phase locked they interfere

with each other, resulting in an output that is typically zero except for a short

pulse where constructive interference of the modes occurs. In frequency space, the

distance between adjacent frequency modes is the inverse of the cavity round trip

time Tp. This is intuitive, as the frequency of any standing wave in a cavity must

be a multiple of 1/Tp [68]. It follows that the non-zero intensity pattern must

repeat with a period of Tp within the cavity, and if the cavity light is coupled into

free space pulses, corresponding to loci of constructive interference, must occur

with a frequency of 1/Tp [8].

The actual pulse length, τp is related to the both Tp and the number of longi-

tudinal modes in the cavity (N). The more modes in the cavity, the stricter the

conditions are for constructive interference, thus shortening the pulse length. In

contrast, the more frequent the output pulses, the shorter the cavity must be and

thus conditions for constructive interference are less restrictive [68]. The pulse

length can be approximated by [69]

τp ≈
Tp
N
. (2.6)

In a similar manner, the peak pulse power can be approximated as

Ppeak ≈ NPavg, (2.7)
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where Pavg is the average power of the cavity output. This indicates that in order

to achieve maximum intensity, and thus minimum pulse duration from a mode-

locked laser for the purpose of this work, the number of longitudinal modes must

be maximized.

2.2 Experimental generation and control of few-

cycle laser pulses

The Australian Attosecond Science Facility (AASF) is a commercially available

laser system (Femtolaser Compact Pro CE Phase). It is a three stage laser system

based on chirped pulse amplification and provides the few-cycle light pulses that

are used in the experiments described in this thesis. The AASF can be split into

four broad sections; the Ti-Sapphire oscillator and pulse stretcher; the multipass

chirped pulse amplifier; the pulse compressor; and the optics that transport the

laser pulses to the detection chamber. These will be discussed in the following

sections, with an eye towards explaining the operation of the system from the

principles of operation. Anecdotes about my personal experience using the laser

system are noted in appendix A.

2.2.1 Oscillator and pulse stretcher

The oscillator is a Femtolasers Rainbow Kerr lens mode locking system. It is

pumped by a Coherent Verdi V-5 laser which provides approximately 3W of

optical power at 532nm. The pump beam is passed through an IntraAction

AFM-405A1 AOM. This AOM is utilised for CEP locking, which is not required

for the experiments performed in this work. The pump beam is then focused

onto the gain medium. The gain medium is a doped Ti-Sapphire crystal, which

is maintained at a temperature of 292K via a water cooling system. The laser

cavity setup is shown in figure 2.2. The cavity is asymmetric, with a long arm

which terminates at the output coupler and a short arm which terminates at the

cavity-end mirror. The output coupler is a partially transmitting wedge. The

cavity typically had to be aligned every morning to find the optimal frequency

spectrum for the laser pulse that would provide the shortest pulse length at the

end of the system. Day to day cavity alignment is typically performed with the



2.2. LASER SYSTEM 21

output coupler and cavity-end mirror, and rarely took more than 10 minutes. A

poorly aligned cavity could usually be identified by CW spikes in the frequency

spectrum, or the mode lock dropping when the cover of the laser was replaced.

In cases where this simple alignment is not enough to bring the oscillator into an

acceptable lasing mode, the gain medium position and the laser cavity stability

range mirror position may be adjusted. If this was required, it typically indicated

that the Ti-Sapphire gain crystal had been damaged by the pump beam, and this

could be observed on the pump beam profile after a pass through the crystal.

Alignment is performed under the consideration that the cavity is well aligned

when the optical power output is maximised while it is operating in CW mode.

Following correct alignment, the gain medium is relocated towards the pump laser

source slightly to promote Kerr lensing. Typically a loss of 20-40mW of CW

optical power indicates the crystal has been translated enough. The stability

range mirror is then translated to shorten the cavity length, which affects the

focus of the cavity - a drop of power to approximately 200mW of CW power

sets the cavity up for mode locking. The cavity is then perturbed into KLM

mode locking by rapidly sliding the cavity-end mirror in and out on its sliding

mount. Group delay dispersion (GDD) is controlled in the cavity using two sets

of optics; a pair of double chirped multilayer dielectric mirrors (DCM’s), which

provide a static amount of negative GDD; and a pair of translatable fused silica

wedges, which are used to bring the overall GDD of the cavity to as close to

zero as possible. This reduces the pulse limit to its minimum. Care had to be

taken with the adjusting the DCM’s as after using the piezo picomotors, the

control would, on rare occasions, not completely return to zero drive. This would

gradually drive the DCM’s considerably out of their ideal location unless the

low frequency clicks of the picomotor actuation could be heard and the systems

returned to its ideal state before mode locking was lost. The ultimate output from

the cavity is 2nJ sub-7fs pulses with a repetition rate of 80MHz. Under standard

operating conditions, the pulses are centred around 760nm, with a bandwidth of

approximately 240nm.

Following the oscillator, the laser is focused through a periodically poled, mag-

nesium oxide doped, lithium niobate (PPLN) crystal, which frequency doubles

a small portion of the light for use in an f2f interferometer for the CEP lock-

ing system. The CEP locking involves interfering light with the pulse train on

a MenloSystems FPD510 InGaAs photoavalanche photo detector to ascertain a



22 CHAPTER 2. AUSTRALIAN ATTOSECOND SCIENCE FACILITY

Coherent Verdi V5 Pump Laser

AOM

Ti:sapphire

crystal

APD

PPLN

Wedges
Output coupler

Periscope

Diagnostics

Stretcher

DCMs

Stability 

range

Crystal 

position

Start

Cavity end mirror

Figure 2.2: Schematic diagram of the seed oscillator.
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Figure 2.3: A schematic diagram of the pulse stretcher, a section of the laser which
prepares the pulse train output by the oscillator for injection into the amplifier
system.

CEP offset signal [70]. The offset signal is processed by the locking electronics

(Menlo XPS800), which provides the error signal to the AOM described above.

At this point the beam can be directed to an Ocean Optics USB4006 diagnostic

spectrometer via a drop-in mirror. If the laser cavity is misaligned there may

be a CW spike in the pulse, so to ensure the correct spectrum for operation this

spectrometer is used to determine the quality of the pulse spectrum before it is

passed further into the system. If the beam is not being directed into the spec-

trometer via the drop-in mirror, it instead passes into the pulse stretcher section,

which is shown in figure 2.3.

The pulse stretcher is a requirement for amplification, as amplifying ≈ 6fs

pulses would cause damage to the amplifying medium due to the large peak

intensity of the light pulses. By increasing the duration of the pulses into the

picosecond regime, the peak power drops while the pulse energy remains the same,
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Figure 2.4: A schematic diagram of the amplifier, which increases the pulse power
and reduces the repetition rate of the laser pulses down to 1kHz. The 1kHz pulse
train is injected into the compressor section in order to recompress the pulses.

allowing pulse amplification to occur without damaging the gain medium. The

pulse stretcher setup is shown in figure 2.3. In this setup, the beam is initially

multi-pass reflected through two pairs of third order dispersion compensating

mirrors before being retroreflected through 5cm of Schott SF57 glass. The positive

GDD of the glass stretches the temporal length of the pulse to approximately

90ps. It also introduces third order dispersion, hence the need for compensating

mirrors. The laser beam passes through the compensating mirrors again, and a

small amount of beam power is picked off, while the remainder is directed into

the amplifier. The picked off beam is directed onto a photodiode to provide pulse

timing signals for the CEP lock and the amplifier system.

2.2.2 Pulse amplifier

The pulse amplifier passes the pulses injected from the seed oscillator nine times

through the amplifier crystal. The amplifier layout is shown in figure 2.4. The

pump power for the amplifier is provided by a Coherent Evolution 15 Nd-YLF

Q-switched laser system, which provides approximately 8mJ of energy per pulse

that is retro-reflected through the gain medium.

The amplifier gain medium is a Ti:Sapphire crystal that is cooled to 243K
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while in operation in order to maximise the gain. To prevent condensation occur-

ring on the surface, the crystal is enclosed in a vacuum chamber. The amplifier

is set up so that the first four passes through the crystal occur, followed by a

pass through a Pockels cell. The Pockels cell has a pulse pass ratio of 1:80000,

reducing the repetition rate of the laser to 1kHz. A Berek compensator is used to

tune the passed:rejected pulse contrast, and in operation the system can achieve

a contrast of 104 : 1. The pulse intensity envelope is measured with a fast pho-

todiode, which is also used to provide a trigger for pulse sensitive timings for

other devices when the laser is operational. Following the Pockels cell, the beam

takes another five passes through the amplifier, which brings the output pulse en-

ergy to approximately 1.1mJ. A side effect of the amplification is gain narrowing,

which reduces the bandwidth of the pulse and alters the location of the central

wavelength. The design of the amplifier optical circuit is such that the alignment

mirrors for the first four passes are reused by the second set of four passes, only at

a different vertical angle through the gain crystal. This simplifies alignment, as

only the seed injection, 2nd, 3rd, 4th and 9th pass beams have to be peaked. To

aid with initial alignment, two aperture masks are inserted in the setup, although

these are typically unnecessary for day-to-day operation and alignment.

There were two major issues with the amplifier over the course of my work.

The first was complete realignment of the amplifier system in early 2013, as a re-

sult of my inexperience with the laser and misdiagnosing a power loss issue. This

only took one day to fully realign, but aided considerably in my understanding

of the system. The second major issue was harder to diagnose and was related

to gradual loss of power in the Evolution pump laser. The issue was eventu-

ally diagnosed as the water cooler performing below specification due to algal

bloom. This was remedied by introducing an additional UV filter to the device,

and increasing the frequency of flushing and refilling the cooling water reservoir.

Downtime due to this issue is difficult to quantify, as various minor adjustments

made the system useable for experiments before the root problem was located.

2.2.3 Pulse compressor

The pulses are recompressed using a three stage setup. Initially, the pulses are

directed through a retro-reflecting prism compressor, as shown in figure 2.5. The

prism compressor consists of two Brewster angled prism pairs separated by 5m.
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Figure 2.5: A schematic diagram of the prism compressor, which reduces the
pulse length down to ≈ 30fs before injection into the fibre compressor.

This introduces negative GDD and third order dispersion into the beam path,

and has the overall effect of reducing the pulse length to approximately 30fs by

counteracting the positive GDD introduced in the pulse stretcher. The retro-

reflection ensures that the introduced spatial dispersion is reversed. One set of

prism pairs is mounted on a rotating stage, which allows the absolute value of

GDD introduced in the setup to be to adjusted. Alignment through the prisms

was performed with the aid of two irises and was straightforward to perform.

The second stage of the pulse compression system passes the laser beam

through a 1m long hollow core optical fibre. At this stage of the system, the

spectral bandwidth of the laser pulses has been reduced to approximately 50nm

due to the gain narrowing in the amplifier and the bandwidth range of the prism

compressor optics. The lowered bandwidth increases the lowest temporal pulse

length. The hollow core fibre is used to address this issue, as well as introducing

the required additional negative GDD to reduce the pulse length even further.

The fibre itself is mounted in a pressure vessel that is filled with approximately

1.5 bar of neon gas. The pressure vessel is connected via a valve to a Pfieffer MVP

015-2 diaphragm pump to allow the system to be rapidly flushed. The laser beam

is focused into the fibre, where SPM occurs, which spectrally broadens the pulse.

Alignment of the beam into the fibre is critical, as the focused beam can easily

damage the fibre input and negatively affect the operation of the fibre. The input

beam is maintained at a steady position using a beam stabilisation system based

on Thorlabs apt-quad photodetectors and Newport FSM-300 series fast steering

mirrors. Physical alignment of the fibre is tied to alignment of the pressure vessel,

which can be adjusted by a pair of x-y translators. Good alignment was achieved
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via a combination of laser power measurement, beam pattern observation, esti-

mation of the beam spectrum and using an autocorrelator downstream to take

pulse spectrum and length measurements. Of all day-to-day operations of the

laser system, fibre alignment was the most time consuming, as small adjustments

to a good looking beam could alter the pulse length by up to 0.4fs at the ionisa-

tion region, which was vital in reducing the pulse length. Occasionally, whether

due to wear or poor beam alignment into the fibre, the fibre tip would burn. This

would greatly effect the pulse length and spectrum. To solve this issue, the burnt

fibre entrance was either cleaved and the fibre restored, or the fibre was simply

replaced with a new one. Replacing the fibre is a a simple procedure, but care

had to be taken not to further damage the fibre when mounting it in the pressure

vessel.

The final stage of pulse compression involves multiple beam reflections off a

set of double-chirped mirrors (DCM’s). These mirrors introduce approximately

400fs2 of negative GDD to the beam, reducing the pulse duration to approxi-

mately 6fs, with a bandwidth of approximately 250nm, centred around 800nm.

It should be noted that this GDD change is intended to also compensate for the

positive GDD introduced by beam travel through air to the interaction region.

Additionally, the pulse duration is typically tailored to the quoted value to match

theoretical predictions as accurately as possible. Pulse durations as low as 5.4fs

have been recorded. A schematic of the fiber compressor and the DCM’s is given

in figure 2.6.

2.2.4 Beam preparation optics

Following the DCM reflections, the laser beam is then directed through a half-

wave plate designed to operate in the few-cycle regime and it is then reflected

off a pair of germanium plates at Brewster’s angle. This section of the setup is

used to control the pulse energy - the germanium plates act as a vertical linear

polariser, such that the rotation of the half-wave plate induces a rotation of the

laser beam polarisation and any rotation that is not coincident with the opti-

cal axis of the analyser reduces the intensity of the laser beam. This provides

accurate pulse energy control from a maximum pulse energy of ∼ 150µJ down

to approximately 8µJ. At lower pulse energies the purity of the polarisation is

uncertain due to unavoidable manufacturing defects in the Ge plates and the

half-wave plate, as described in section 4.4.1. The beam passes through a series
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Figure 2.6: A schematic diagram of the fiber compressor, followed by the final
stage of compression with the DCM mirrors, which reduces the pulse length down
to ≈ 6fs. The PSDs are position sensitive photodetectors.

of pellicle beamsplitters mounted on flip mounts, three 45:55 and three 7:93 pel-

licles (reflect:transmit). These pellicles provide pulse energy control of the beam

below 8µJ while maintaining the polarisation purity. Following the pellicle setup,

the beam is directed through a pair of fused silica wedges in order to provide fine

tuning of the GDD in the beam path. This provides the final adjustment to the

pulse duration in the laser beam before reaching the COLTRIMS chamber. A

drop in beamsplitter can be used to pick 5% of the beam off into a Femtome-

ter autocorrelator, which is used in conjunction with FemtoAQ166i software to

accurately determine pulse duration. The laboratory has one autocorrelator to

share between three beam lines, so there was constant swapping and realignment

that was required. This took a reasonable amount of time to learn how to do

correctly. Eventually the autocorrelator was mounted on magnetic feet, which

made it much simpler to swap between the different beamlines.

Alignment into the COLTRIMS chamber is performed with the use of a drop-

in mirror and a pair of irises. Alignment through both of the irises ensures that
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Figure 2.7: A schematic diagram of the beam optics leading up to the COLTRIMS
used for detection of the ionised products. The drop-in mirror is only inserted in
the beam line for alignment purposes. Likewise, the pickoff to the autocorrelator
is only required when measuring the pulse length and not used in standard op-
eration. One of the wedges is mounted on a translateable stage to adjust pulse
length.

the laser beam consistently enters the COLTRIMS through the optical viewport

at the same location. GDD compensation for the viewport is provided by using

a drop-in dummy viewport in the main beamline, which is removed when the

apparatus is operating to take data. The setup of these optics is shown in figure

2.7. This system is capable of delivering laser intensities of up to 1.3×1015W/cm2

in the interaction region of the COLTRIMS.

2.3 Cold Target Recoil Ion Momentum Spectro-

scope

The COLTRIMS is a device that utilises two position sensitive charged particle

detectors placed at opposite sides of the area where the ionisation occurs (the

interaction region). An electric field is overlaid on the region such that positive

and negative charges are directed to move to opposite detectors. The electric field

also allows the m/q ratio to be determined via time of flight (TOF) spectroscopy.

The position sensitive detectors combined with TOF data allow the momentum

of the ionisation products to be determined. A magnetic field is applied to the

interaction in order to aid in capture of higher energy electrons, which would

otherwise be lost. The magnetic field induces the electrons to travel a spiral tra-

jectory. The radius of the spiral is proportional to the initial electron momentum



2.3. COLTRIMS 29

and inversely proportional to the amplitude of the magnetic field. Therefore by

adjusting the magnetic field correctly it is possible to increase the momentum

and energy resolution of the electron detector. Detection can be carried out with

a single detector, but typically both detectors are used to measure in coincidence,

as this enables the dynamics of the ionisation process to be ascertained.

This information obtained by a COLTRIMS device is of great use in exper-

imentally examining the ionisation dynamics of strong field ionisation interac-

tions. By utilising the abilities of the COLTRIMS as a mass spectrometer, it is

possible to probe the ionisation response of a target atom with respect to the

intensity of an ionising radiation field. As mentioned in section 1.3 these results

are important to theoretical physics as an aid and a challenge to improving model

potentials used in TDSE calculations. These types of measurements are reported

on in chapter 4. However, while mass spectroscopy doesn’t necessarily have to be

performed with a COLTRIMS device, the ability to measure the momentum of

ionisation products does require the use of a COLTRIMS. Measurements of the

momentum of charged products after ionisation allows a check on any assumed

wavefunctions of product particles in a modelled process of the ionisation. This

is because when correctly modelled, the final ‘free’ wavefunctions of the charged

products contain momentum data that can be extracted [71, 72] and compared to

the experimental results. This is relevant to the work performed in this thesis in

chapter 5, where the transverse momentum distribution of the ejected electrons

is measured. Without the COLTRIMS the work done in chapter 5 could not be

performed, and the theory and operation of the COLTRIMS are vital to under-

standing the results obtained in this thesis. To that end this section will describe

the history, theory of operation and experimental realisation of the COLTRIMS

detection device used to obtain ionisation product data. Personal observations

and anecdotes of running the COLTRIMS device as described here are given in

appendix A.

2.3.1 Cold target recoil ion momentum spectroscopy the-

ory and history

TOF mass spectrometers have been a workhorse for the detection of charged

particles for more than 60 years [73]. TOF spectroscopy involves accelerating

charged particles through a known electric field over a known distance onto a

detector. Consider an ideal case of charge particle initially accelerated by an
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electric field. In this case, the potential energy of the charged particle in the

electric field, Ep, is converted to kinetic energy, Ek, as follows

Ep = qV (2.8)

Ek =
1

2
mv2

Ep ≡ Ek

∴ qV =
1

2
mv2,

where q is the charge of the particle, V is the potential of the accelerating electric

field, m is the mass of the particle and v is the velocity of the particle. The

charged particle is then passed into a field free TOF tube, where it proceeds a

known distance towards the detection device. Simple application of the equations

of motion under constant acceleration and the result from equation 2.8 shows that

the time taken for the charged particle to travel up the tube and reach the detector

is given by

t =
s√
2V

√
m

q
, (2.9)

where s is the length of the TOF tube. In a real world scenario it is exceedingly

difficult to design a TOF such that external fields do not infringe in the TOF

tube at some point, and as a result we let
(
s/
√

2V
)
→ ρ, where ρ is a constant

that relates to the settings and characterisation of the actual experimental setup.

Equation 2.9 indicates that the time taken for the particle to reach the detector

is proportional to its charge-to-mass ratio, q/m, thus the use of TOF as a mass

spectroscopy technique.

TOF detectors are typically a simple anode [73]. However, in situations where

the expected charged particle count is low, a signal multiplier may be required

[74]. The microchannel plate (MCP) is a common signal multiplier that was first

developed in 1961 at Bendix Research Laboratories [75]. The MCP is a device

that situates an array of single straight channel electron multipliers parallel to

each other on a substrate [74]. Each straight channel electron multiplier is a

device that generates a cascading secondary emission electron response from an

initial charged particle, and the gain of each straight channel electron multiplier

is given by [76]
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Figure 2.8: A schematic diagram of a microchannel plate. The left image shows
the whole MCP, consisting of several single channel electron multipliers in a
substrate. The right hand side indicates the electron multiplication process of a
single channel. A single electron generates an output electron bunch via cascading
secondary emission. The voltage provides electrons to replenish those lost to free
space via the secondary emission.

G = γ0γ
l/d, (2.10)

where γ0 is the initial secondary electron yield from the collision of the ion with

the channel, γ is the mean secondary electron yield when an avalanche electron

strikes the channel wall, l is the length of the channel and d is the diameter of the

channel. Gain scalability is therefore limited by the ability of the manufacturing

process to make thinner channels. Arrays of the straight single channel electron

multipliers therefore generate electron bunches, which can be picked up by a

detection device that would not normally be sensitive to a single charged particle,

such as an electrode attached to an ammeter [76]. A schematic diagram of an

MCP is given in figure 2.8.

There have been many improvements to MCPs since their first demonstration.

Improvement of the geometry of the channels reduced the effects of space charge

effects near the output of the channels to increase gain [77, 78]. Introduction

of the chevron dual-layer MCP design in the early 1970’s reduced ion feedback

(whereby positive ions are generated at the output, which induces a secondary

electron bunch) and increased the total gain of the system [74, 79]. The z-stack

tri-layer MCP design was examined in the early 1980’s, which saw a further

improvement in gain [80]. Current examples of MCPs typically achieve gains of

≈ 107 [81, 82].

The development of COLTRIMS as an integrated system required the devel-
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opment of position sensitive detectors (PSDs) for the electron bunch outputs of

MCPs. This would not only allow information about the m/q ratio from TOF

measurements, but would allow the momentum information of detected particles

from the ionisation products to be determined. The earliest examples of PSDs

arose from standard anode technology in the late 1970’s [83, 84]. These devices

utilised multiple anodes separated by insulators. The anodes pick up the electron

bunch as a current signal, but as the electron bunch output from the MCP has

a distribution, each anode will detect a different current. By using comparator

circuitry, the location of the centre of the electron distribution could be deter-

mined and therefore the location of the initial particle strike could be determined.

These devices were capable of a spatial resolution of 100µm with a dead time of

≈ 1µs [83].

Improvement in PSD resolution came with the development of the delay-

line detector in the late 1980’s [85, 86]. A one-dimensional delay-line detector

consists of a pair of conducting wires wrapped in an alternating fashion around

an insulating material that covers a central electrode core. The alternating pairs

of wires are connected to differential amplifiers (one at each end of the wire pair),

and a D.C. voltage is applied across the wires such that all incident charge is

collected on one wire. Incident electron bunches are detected at both differential

amplifiers. By comparing the timing of the arrival of the signal at both differential

amplifiers, the location where the electron bunch struck the wire pair can be

determined. Two dimensional delay-line detectors incorporate a second pair of

wire detectors at right angles to the first, with the voltage across the lines balanced

so that the electron bunch is evenly distributed and collected by both pairs of

wires. Initial results with this detector provided resolutions of 25µm with a dead

time of < 1µs [86]. More recent improvements include general speed advances in

timing circuitry and the development of the Hexanode style delay-line detector,

which reduces dead times down to 5ns [87]. See figure 2.9 for a diagram of the

operation of a delay line detector.

The application of these advances in detection technology to the field of ioni-

sation by energetic impact led to the creation of the first COLTRIMS devices in

the mid 1990’s [40, 88]. The first COLTRIMS was designed to be an improvement

in the detection of low-energy electrons from atom-heavy ion collisions [40], in

which a supersonic jet of He cooled to 10mK collided with a heavy ion beam in

an interaction region. He+ ions were extracted from the interaction region with
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Figure 2.9: A schematic diagram of a two-axis delay line detector. There are two
wire grids that are overlaid on each other, but not connected. Detection begins
when the electron bunch from an MCP is incident upon the grid, as represented by
the red dot. In one axis, for example, the light green coil that measures the y-axis
position, the incident electrons send a signal away from the impact site in both
directions along the wire. Ultimately this results in two signals reaching DAQ 1
and DAQ 2, offset by a time δt. δt is dependent upon the difference in length
down the wires that the signal had to travel. Thus, with correct calibration and
measurement by the timing unit, δt can be used to determine the position where
the electron bunch struck along the wire, giving position sensitive detection. In
theory, a single delay line is enough to ascertain the position, however utilising
overlapping delay lines increases the accuracy of the detection.
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an applied electric field and passed through a TOF region onto a MCP wedge

and strip anode PSD. Electrons were extracted in the opposite direction into a

similar TOF device. This experimental setup gave the longitudinal and trans-

verse momentums of the ions and electrons which could be correlated to provide

coincidence measurements, with the background signal reduced to the order of

10−4 [40].

COLTRIMS improvement up until the present has been largely driven by

attempts to reduce the dead time of the device, and therefore increase the amount

of collected data [89]. This is because improvements in momentum resolution

are dependent upon the extraction voltage, not issues with application of the

technology. A higher voltage gives a lower comparative transverse final velocity of

the charged product after leaving the extraction E-field. However if the extraction

voltage is too low, charged products may not be captured by the TOF, making

momentum resolution an experimental trade-off with detection efficiency. Typical

momentum resolutions for ions range between 0.1→ 0.35 atomic units depending

on experimental conditions [90, 91, 92]. Reductions in dead time by incorporating

delay-line detectors increased the data taking frequency to MHz [93]. Introducing

delay-line detectors also reduced the dead time between multiple hits to 10ns,

increasing the capability of COLTRIMS to detect multiple ionisation events per

interaction [93, 94].

2.3.2 Experimental COLTRIMS setup

The COLTRIMS used in the experimental work done for this thesis is a commer-

cially available device from Roëntdek and is maintained inside a large vacuum

chamber that is kept at a pressure of < 5 × 10−10Torr by a Pfieffer TMU 521

YP turbomolecular pump. As shown in figure 2.10 the laser beam enters through

the optical viewport, and is then reflected off a focussing mirror (f = 7.5cm)

and focussed onto the atomic beam forming the interaction region. The mirror

is rigidly attached to a baseplate that is connected to the main chamber with a

length of edge welded bellows. The bellows are attached to a set of x-y-z transla-

tors, allowing the mirror alignment to be adjusted in situ. The atomic beam can

be introduced from either side of the chamber, depending on which gas source

is in use. Ionisation of the gas occurs in the interaction region. The charged

products from the ionisation event are then directed towards the TOF detection

devices with electric fields provided by copper plate arrays. The voltage to run
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Figure 2.10: A schematic diagram of the COLTRIMS. Voltages of the copper
plates are set up to extract ions to the top detector system, and electrons to the
lower system. In this figure DLD represents the delay line detectors. The gas
beam is perpendicular and into the page, and there are nipples on the vacuum
chamber in directions that correspond to into and out of the page such that two
atomic or molecular beam sources may be attached simultaneously.

these fields are provided by iseg NHQ 214M high voltage power supplies. Posi-

tive ions are directed upwards to the ion detectors, while electrons are directed

downwards to the electron detection device.

The ion detection device is a Roentdek DLD80 system. Ions initially strike

a pair of chevron MCPs, with bias voltages provided by iseg NHQ 214M high

voltage power supplies. When an ion strikes the surface of the MCP an electron

bunch is generated and is directed onto a crossed pair of delay-line detectors.

One of the wire coils is provided with a bias voltage that is variable, but typically

250V higher than the potential at the MCP surface. The wire pairs are con-

nected at each end through a Roentdek FT12 feedthrough from vacuum to a pair
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of differential amplifiers contained within a Roentdek ATR19 amplifier/constant-

fraction-discriminator module, which pick up the capacitively coupled signal at

both ends of the wire pair and generate a signal based on the arrival time differ-

ence. The signal is passed to a Roentdek TDC8HP time-to-digital converter that

converts the timing signal for use by the CoBold control software. This data is

then used to determine the distance along the wire pair that the detection event

occurred. Manufacturer calibration allows this distance to be turned into the

x-y coordinates where the ionisation product initially struck. A pair of delay-line

detectors crossed at right angles are used to improve accuracy by cross checking

results. The system can resolve 4 ions per laser shot, and the electronics are

triggered from the fast photodiode signal obtained from the photodiode used to

measure the pulse envelope after pulse amplification as described in section 2.2.2.

Time of flight spectroscopy is also performed by comparing the difference in tim-

ing from the laser pulse trigger to the time taken for a signal to be picked up at

the delay-line detectors. This is manufacturer calibrated. The electron detection

device is similar to the ion detection device except that it uses a Roentdek HEX75

detection system: three delay-line detectors in a hexagonal configuration.

Positional and TOF signals from the COLTRIMS are collected by a triplet of

RoentDek acquisition and control boxes, the FAMP8, CFD8c and the ATR-19.

The electronics boxes are connected to a computer, where Roentdek’s proprietary

software CoBold analyses the input data and provides a variety of information

from the raw data. This information includes the mass to charge ratio, three di-

mensional momentum and 2D positioning data of the detected ions and electrons.

The equipment can perform coincidence measurements, that is it can relate an

electron detection event with the corresponding detected ion, via TOF and mo-

mentum matching. In the case of molecular ionisation, the coincidence results for

multiple ionic fragments can also detected. The CoBold software can display at

maximum three variables of information on one plot at a time, for example pz,

py and ion yield, although there are many possible permutations and even data

ranges for the same variables. For a measurement result, there is approximately

100 standard plots of output information, with the possibility for scripting more

unusual combinations of data into extra plots if required. The CoBold software

also can provide rough filtering based on any of the information detected, for

example discarding all results with an ion momentum higher than a given cutoff

value.
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2.4 Chapter summary

This chapter has outlined the theory of operation behind both the laser user used

for ionisation of Ne∗ atoms and the detection device used to collect data about the

ionisation products, as well as describing the apparatus in use experimentally. In

describing the theory of operation of the few cycle laser it becomes clear why these

lasers are such a powerful tool in probing electron dynamics; they are tabletop

lasers capable of generating peak laser intensities high enough to cause tunnel

or over the barrier ionisation. As outlined in chapter 1, examining ionisation

dynamics is key to bringing theoretically proposed model potentials closer to

the true reality of the system, and ultimately improving our understanding of

light-matter interactions at an atomic level. In this work, the AASF provides

few-cycle laser pulses with intensities up to 1.3 × 1015W/cm2 in the interaction

region. These pulses were used to probe ionisation events, and therefore an

experimental description of the laser system was provided. In order to take

advantage of the AASF, a device suitable for observing the ionisation products

has to be used in conjunction with the laser system. COLTRIMS devices are a

tried and tested system for measurement of ion fragments, electrons and their

correlated momenta; examples of such measurements are taken in chapters 4

and 5, clearly justifying the use of the COLTRIMS over simpler TOF devices.

The COLTRIMS apparatus that was used for these experiments was described

in detail, as it is a vital experimental component in obtaining the experimental

results presented in this thesis.





Chapter 3

Metastable neon

3P2 metastable neon is used as the target atom in the majority of this work.

Metastable neon is a compelling choice of target in these experiments for a number

of reasons. Firstly, it has a relatively high internal energy of approximately

16.5eV, which gives metastable neon atoms a very energetic valence electron

and a relatively low ionisation potential. These properties have been utilised

before in atom beam lithography experiments [95, 96, 97] due to the favourable

effects the high internal energy has on resist materials. With regards to the

work presented in this thesis, the low ionisation potential allows ionisation in the

over the barrier regime to be performed experimentally and, by varying the laser

intensity, it is possible to change the regime where over the barrier ionisation is

dominant over tunneling ionisation and vice versa. This allows for an interesting

study on the comparison of ionisation rate as a function of intensity to several

theoretical methods designed to predict that rate, as outlined in chapter 4, and

is instrumental in providing ionisation which can confidently be in the over the

barrier regime, as outlined in chapter 5.

Another reason for the choice of metastable neon as an experimental tar-

get is due to a closed cooling transition that is described later in this chap-

ter. The cooling transition allows optical manipulation of the atomic beam, and

this property of metastable neon has seen it used in atom trapping experiments

[98, 99, 100, 101]. The extensive knowledge on this topic in the laboratory at

Griffith University aided with preparing a metastable neon source that utilised

the optical properties of metastable neon to increase the atomic beam flux, pro-

vided an experimental method to separate results derived from 3P2 neon from

results derived from other states of neon, and allowed an experimental probe

into the effects of spin-polarised atomic ensembles, as described in chapter 4. In

particular the last point is extremely interesting as it provides experimental data

39
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with which to examine the theory of tunneling and over the barrier ionisation

in system without averaging the spin in the atomic wavefunction, which in turn

could provide a more accurate description of electron dynamics in the ionisation

process.

Metastable neon shows promise in the future as a continuing target for exam-

ination. There are a number of experiments that could still be performed on the

target, particularly examining the photoelectron energy and momentum spectra.

Results from such experiments would assist theoreticians in improving the accu-

racy of modelling electron trajectories and probing the effects of the Coulomb

force of the ionic core on the free electron. Additionally, the comparisons made

between metastable and ground state neon would be a good method to isolate the

effects of shifting the valence electron from one shell to another without changing

the electron core by changing atomic species.

In this chapter, I will outline atomic theory as it relates to metastable neon,

using the j` coupling scheme to define the energy levels of the neon atom. This

will aid in understanding why the 3P2 state is metastable and why it has such

a low ionisation energy. Following this, the system used to generate metastable

neon experimentally will be described, as it is a vital component achieving the

results presented in chapters 4 and 5. As an important process in the metastable

neon source is using optical methods to increase the beam flux, there is a brief

discussion of how to use the scattering force of laser light tuned to the cooling

transition in order to increase beam flux in this experimental system. This is fol-

lowed by a brief outline of the experimental components of the beam enhancement

system, including the lasers that generate light at the cooling frequency.

3.1 Metastable neon characteristics

Neon is a noble gas atom with a ground state configuration of 1s22s22p6. The

first excited states of neon have a 3s electron that is free to couple with the

electron hole in the otherwise full 2p orbital. This gives four separate degrees

of angular momenta to couple, the spin and orbital angular momentum of the

valence electron, and the spin and orbital angular momentum of the electron

core. In order to complete this coupling, the j` coupling scheme is typically used

[102]. In this coupling scheme, the inner electron core is assumed to be well LS

coupled and completes coupling first. This gives a total angular momentum of
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the electron core, jc. The core angular momentum then couples to the orbital

angular momentum of the valence electron, `e, such that K = jc + `e. The

coupling is completed when K couples with the spin of the valence electron such

that J = K + se. j` coupling notation is denoted by

(
2S′c+1L′J ′c

)
ne`e [K]J , (3.1)

where the term in the brackets is the LS coupling term for the electron core and

ne is the principle quantum number of the valence electron.

Treatment of electron-hole coupling is similar to electron-electron coupling,

and this gives an effective coupling structure of 2p13s1. By examining the po-

tential quantum numbers of this coupling, four LS coupling states are generated

from the electron core, a singlet and a triplet state. As electron-hole coupling is

in effect, the energy levels of the triplet state are inverted compared to electron-

electron coupling [103]. In the case of neon, this coupling manifests as the highest

energy state in the manifold being 1P1 singlet followed by an inverted 3PJ triplet

[103]. The LS coupled core undergoes the j` coupling, and the resultant j` first

excited states can by written as linear mixtures of the core LS coupled states as

follows [104],

2P3/23s [3/2]2 = 33P2 (3.2)

2P3/23s [3/2]1 = β31P1 + α33P1 (3.3)

2P1/23s [1/2]0 = 33P0 (3.4)

2P1/23s [1/2]1 = α31P1 + β33P1, (3.5)

where α2 + β2 = 1. There are two states that are strongly LS coupled and can

thus be represented with the LS coupling scheme, the 33P0 and the 33P2 states.

Due to selection rules for optical transitions, these states can be neither optically

excited to nor can decay via spontaneous emission, making them metastable. In

order to reach these states, a different excitation method is required, typically

collisional. This work concentrates on using the 3P2 state of neon, which for

the rest of this work will be referred to as metastable neon or Ne∗. This state

has a lifetime of 14.73s [105]. As this work considers well LS coupled states, LS

coupling nomenclature will be used. Figure 3.1 gives the energy level ensemble

that is relevant to this work.



42 CHAPTER 3. METASTABLE NEON

Energy (eV)

0

16.526
16.577
16.622

16.754

18.452
18.472

18.509

18.533

21.600

3P
2

3P
0

3P
1

1P
1

1S
0

3D
3

3D
2

1D
1

3D
1

J = 2J =1

Closed 
transition

λ=640.24nm

J = 3J = 0

Ionisation potential

Figure 3.1: LS coupled energy levels of the neon atom. The red state is the
ground state, the two blue states are metastable states with no allowable optical
transitions to lower states, and the green states are excited states with allowable
optical transitions to lower states. The 3P2 state is the metastable state used in
this work. The closed cooling transition is labelled in the figure. The relevant
details of the cooling transition are outlined in table 4.2.

For a complete ensemble of all the states of neon relevant to this work, the

second excited state of neon must be examined. This state has an effective cou-

pling structure of 2p13p1, and in a similar treatment to above, has a singlet 1P2

and a triplet 3D1,
3D2 and 3D3, with their energy levels inverted due to the elec-

tron hole coupling. This is relevant as the 3P2 metastable state of neon has a

transition to the 3D3 state which is closed, ie due to selection rules it can only

decay back down the the 3P2 state. This is the cooling transition.



3.2. METASTABLE NEON SOURCE 43

3.2 Metastable neon source

The neon source is split into two separate components, the actual source itself

and an associated differential pumping section that serves to connect the source

to the COLTRIMS and provide atomic beam diagnostics. This section describes

the design and construction of the source and associated vacuum chambers. Per-

sonal observations and anecdotes about running the Ne∗ source are provided in

appendix A.

The Ne∗ source is a modified version of the source designed and used in Baker

et al. [106]. It is a supersonic expansion DC discharge source, shown schemati-

cally in figure 3.2.

The source starts with a backing line of neon gas at a pressure of approxi-

mately 1.5 bar. This backing line feeds into the source through a liquid nitrogen

cooled stainless steel tube that contains the cathode for the DC discharge. The

cathode is a long stainless steel rod with a diameter of 5mm that connects to a

Bertan Associates Model 205A-05R high voltage power supply through a BNC

vacuum feedthrough. The cathode is kept isolated from the high gas pressures

by a glass tube evacuated by an external Edwards EDM12A rotary vane pump

in order to prevent backstriking from the cathode to the metal casing. Under

operating conditions, the vacuum is of the order of 10−2 Torr, as measured by a

convection vacuum gauge attached near the pump. The glass tube was created

by a commercial glassblower. It has an internal diameter of 8.75mm, an external

diameter of 12mm, and is 690mm long. There is a 23mm taper down to a noz-

zle with an inner diameter of 2mm. This tapering is designed to accommodate

a similar tapering in the cathode, which tapers down to a fine point. The tip

of the cathode is located approximately 5mm behind the liquid nitrogen cooled

source nozzle, which has a source diameter of 300µm. The nozzle is made of

boron nitride, which is an excellent thermal conductor (≈ 600W/m.K) but a

poor electrical conductor, ensuring the neon atoms stay at the reservoir temper-

ature as they pass through the nozzle, but prevent the discharge from striking to

the nozzle.

The region beyond the nozzle is referred to as the source chamber. It is

evacuated by an Edwards Diffstak 150/700P vapour diffusion pump backed by

a Pfeiffer DUO 20M rotary vane pump. Under operating conditions, this keeps

the pressure in the source chamber at 1.0× 10−4Torr. The pressure in the source

chamber is measured with a Duniway CVT-275-KF25 Bayard-Alpert ionisation
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Figure 3.2: Ne∗ source, adapted from [97]. Neon gas enters through the source
gas nipple, while the source backing is applied through the nipple labelled source
backing rotary pump. The cathode runs down the length of the inner tube and
ends in a tapered point just behind the source nozzle assembly. The liquid nitro-
gen dewar is used to feed liquid nitrogen into the reservoir surrounding the inner
tube to cool the neon gas if required. Neon gas passes through the length of the
inner tube and expands supersonically into the source chamber (not shown). A
DC discharge is set up between the cathode and a skimmer anode in the source
chamber. Alignment of the nozzle is performed with the micrometers, which are
rigidly attached to the source vacuum chamber.



3.2. METASTABLE NEON SOURCE 45

Anode

skimmer

Nozzle

Te�on spacer

35mm 5-10mm

dia. 300μm

dia. 1.5mm

Liquid nitrogen reservoir

Glass tube

Cathode

Figure 3.3: A schematic representation of the discharge region. Neon gas passes
through the glass tube and expands supersonically through the nozzle into the
evacuated source chamber and is collimated by the skimmer. A DC discharge is
set up in the region between the nozzle and the skimmer, and it is in that region
where Ne∗ is generated. Liquid nitrogen is used to cool the gas and reduce the
initial velocity of the atomic gas.

gauge. A pneumatically operated swing valve is located between the vapour

diffusion pump and the main chamber. It is controlled by an interlock system

that monitors pressure in the source chamber and the differential pumping stage

chambers (these chambers are explained below). When cutoff pressure is reached,

the interlock closes the swing valve and turns off the vapour diffusion pump in

order to prevent pump damage. The gas expands supersonically in the source

chamber until it reaches a copper skimmer with an aperture diameter of 1.5mm.

The skimmer provides collimation for the atomic beam, as well as acting as the

anode for the DC discharge. The skimmer anode is connected to an in-house built

current regulated voltage supply. The DC discharge strikes from the cathode

behind the source nozzle, through the expanding gas jet to the skimmer anode.

Typical current values of the discharge range from 8-15mA. This region of the

source chamber is considered to be the discharge region where Ne∗ atoms are

generated at an efficiency of 0.01% of the total Ne gas load [107].

After the supersonic atoms pass through the skimmer, they are now consid-
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Figure 3.4: A diagram of the optical collimator used in this experimental setup.
The atom beam enters from the source chamber on the left hand side. Collimator
laser beams are coupled from their input fibers using Thorlabs F810FC-635 col-
limation packages mounted in Thorlabs KS1 mounts, which are used to control
the input alignment of the laser beams. The collimator mirror mount is designed
and made in house, with collimator mirror alignment performed before fitting the
collimator mount inside the vacuum glass tube. The collimator mirrors are sil-
ver coated custom made by Thorlabs, with a measured reflectivity of 96% before
being mounted. Propagation of the collimating laser down the collimator is not
shown to reduce confusion.

ered to be the atomic beam. The beam initially passes into the optical collimation

chamber. The collimator utilises light that is detuned from the 3P2 →3D3 trap-

ping frequency along with a setup of angled mirrors to reduce the transverse

velocity of individual atoms within the atomic beam. This has the effect of col-

limating the atomic beam while increasing the atomic flux. A more detailed

description of theory of the optical collimator is given in section 3.3, under the

design shown in figure 3.7. For information concerning the collimator laser prop-

erties, refer to section 3.4. A diagram of the operating collimator is shown in

figure 3.4.
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Following the collimator, the atomic beam enters the differential pumping

stage. This stage uses a pair of chambers. The first chamber is pumped by a

Varian Turbo-V 300HT turbomolecular pump. The second chamber is pumped by

a Leybold Turbovac 151 turbomolecular pump. Both of these pumps are backed

by a single Pfieffer DUO 20M rotary vane pump. These chambers are separated by

a 1.5mm diameter copper aperture. The first chamber contains an STS RGA 100

Residual Gas Analyser for the purposes of vacuum maintenance. It also contains

a set of parallel electron deflector plates in order to remove free electrons from

the atomic beam. The plates are powered by an Ortec 556 high voltage power

supply. When in operation, these plates can generate an electric field up to

4 × 105V/m. The second chamber contains a Duniway CVT-275-KF25 Bayard-

Alpert ionisation gauge for measuring the pressure, and a retractable Faraday cup

connected to a Keithley 485 pico-ammeter for determining the flux of the atomic

beam. Under operating conditions this chamber is at a pressure of approximately

6× 10−8Torr, and the atomic Ne∗ flux is measured at ≈ 1× 1014atoms/sr/s using

the Faraday cup.

Before the atomic beam enters the COLTRIMS chamber, it passes through

another 1.5mm copper aperture into a four way windowed cross chamber. This

cross chamber is set up in order to provide optical access for laser beams in

order to manipulate the occupation of the fine sublevels of the Ne∗ atoms and

is shown schematically in 3.6. Atoms pass through the cross unimpeded. The

pump laser arrives via single mode optical fiber and is coupled out using a Thor-

labs F810FC-635 collimation package mounted on a Thorlabs KS1 mount. The

mount is attached to a rigid optical cage that connects to the vacuum cross.

The pump beam passes through a linear polariser, then through a quarter wave

plate mounted in a Thorlabs CRM1 rotatable mount. The beam then enters the

chamber and interacts with the atomic beam, before passing out the of other

viewport. At this point the beam is passed through another rotatable quarter

waveplate and retro-reflected back through the interaction region. This vacuum

section is isolated from the COLTRIMS chamber by a gate valve. This particular

section of the vacuum chamber is not actively pumped, rather it is pumped out

by the two surrounding sections, the COLTRIMS and the differential pumping

chambers.
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Figure 3.5: The differential pumping chambers used in the atomic beamline. The
atomic beam enters from the left from the optical collimator. The gate valve is
used to isolate this section from the Ne∗ source. In the first differential pump-
ing chamber, flat stainless steel plates (labelled ‘deflector plates’) are connected
through the electrical feedthrough to an Ortec 556 high voltage power supply in
order to remove charged particle from the atomic beam. The second chamber
contains a Faraday cup on a linear drive to determine Ne∗ atomic flux. The
beamline then passes out of the differential pumping stage towards the fine state
pumping apparatus.
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Figure 3.6: Connection between the differential pumping stage and the
COLTRIMS. Atoms are preferentially pumped into different mj states based on
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3.3 Enhancement of optical beam

The scattering force that a photon imparts to an atom is [102]

~Fsp =
h̄~kγ

2


 s0

1 + s0 +
(

2
(
δL−~k·~v

γ

))2


 , (3.6)

where ~k is the wavevector of the photon, γ is the linewidth of the atomic transi-

tion, δL is the frequency detuning of the laser from the atomic transition, ~v is the

velocity of the atom and s0 is the on resonance saturation parameter defined by

s0 =
2|Ω|2
γ2

=
I

Is
, (3.7)

where, Ω is the Rabi frequency of the optical transition, I is the intensity of the

laser field and Is is the saturation intensity of the optical transition. The relevant

values for the optical transition used in this work are given in table 3.1.

Table 3.1: Parameters used in the optical manipulation of metastable neon
Variable Value for Ne∗

Transition 3P2 →3 D3

λ 640.24nm
γ 8.47MHz
Is 4.22mW/cm2

Typically, the main goal of introducing the radiation pressure force to an

ensemble of atoms is to reduce the velocity distribution of the ensemble [102, 108].

Looking at equation 3.6, it is clear that this provides force only in the direction of

the laser beam, and this will increase the momentum, and hence kinetic energy,

of the atoms along that axis, which increases the velocity distribution of the

ensemble. For a simple 1D system, it is simple to remedy this issue by applying

a counterpropagating laser beam. The total force on any atom in the ensemble

will therefore be the sum of the force from both laser beams, giving

~Fsp =
h̄~kγ

2


 s0

1 + s0 +
(

2
(
δL−~k·~v

γ

))2 −
s0

1 + s0 +
(

2
(
δL+~k·~v

γ

))2


 . (3.8)

where the first term is from the laser beam travelling in the defined positive
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direction, and the second term is from the laser beam travelling in the negative

direction. Examination of equation 3.8 reveals that the direction of the force

is dependent on the sign of the laser detuning and the direction of the atom it

is interacting with. Assume, for example, that a single red detuned (δL < 0)

laser beam is shining on an atom. An atom travelling with a component of

motion in the positive direction with regards to the laser beam axis will observe

a higher scattering force from the second term of equation 3.8 than from the first

term, thus providing a total force in the negative direction. Likewise, an atom

travelling with a component of motion in the negative direction will observe a

total force in the positive direction. This is somewhat intuitive, as an atom

travelling into a laser beam red detuned from the transition frequency observes

a blue Doppler shift of the laser beam, bringing it closer to resonance with the

transition, thus increasing the scattering rate. In the reversed case, an atom

travelling away from a red detuned laser beam observes a further red shift. This

brings the frequency further away from the transition frequency which reduces

the scattering rate. When these effects are combined the overall effect of counter-

propagating laser beams is that the atoms experience a velocity dependent force

that balances to zero when the atomic motion has dropped to zero. This setup is

known as one dimensional optical molasses. It is important to note that an optical

molasses is not an atom trap, as it does not provide a position dependent restoring

force. Techniques have been invented to provide these forces, which lead to the

development of the magneto-optical trap (MOT) [109, 110], but aren’t relevant

to the current work.

It is possible to apply the concept of optical molasses to one, two or three

dimensions. When applied in two dimensions, optical molasses can be used to

manipulate the trajectory of diverging atomic beams to enhance the delivery of

atoms in atomic physics experiments. Atomic beam systems diverge as they leave

the source, and it is possible to enhance the atomic flux in a region of interest by

using laser cooling in this fashion to collimate the atomic beam, in an analogous

fashion to a lens collimating a divergent light source. An efficient way to do this

is with an optical collimator, a setup demonstrated in figure 3.7.

The optical collimator extends the range of the optical force by using angle

detuning. Equation 3.8 indicates that the force is dependent on ~k · ~v ≡ kvcosφ,

where φ is the angle between between the the velocity of the atom and the wave

vector of the light. From this, it is apparent that by changing the angle between
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Figure 3.7: Diagram of a 1D optical collimator. Atoms arrive as a divergent
atomic beam from the left side of the collimator, where they interact with the
incident collimating laser beams at an angle of β0. This light strongly scatters
off the atoms with high transverse velocities to provide a transverse velocity
reducing force. Due to the angle of the mirrors, α, as the collimating laser travels
up the mirrors, the angle β changes. This reduces the magnitude of the detuning,
allowing the laser to scatter strongly off lower velocity atoms. The collimator is
designed so that after n laser bounces, the angle βn is such that the total detuning
is zero. Only one input laser beam has been shown for clarity.
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the laser beam and the direction the atom is travelling in, the effective transverse

velocity that the laser beam will interact with can be tuned. The optical collima-

tor is designed to take advantage of this fact [111]. The design is such that at the

entrance of the collimator, the angle between the beam and the collimator axis

is large, generating a large red detuning. This provides a high scattering force

to atoms with a high transverse velocity, and a low scattering force to atoms

with low transverse velocity. As the laser reflects up the collimator, the angle of

the mirrors reduces the value of φ, reducing the red detuning, and therefore the

transverse atomic velocity that has the highest scattering force, as a function of

collimator length. A diagram indicating the velocity trajectories of atoms affected

by an optical collimator is shown in figure 3.8. This allows the efficient slowing

of a much broader transverse velocity distribution of atoms than a standard 2D

optical molasses. The interaction time is increased using an optical collimator

compared to a simple optical molasses. A laser bounces n times down the length

of a collimator, therefore the collimator will theoretically provide n times the

amount of scattering events occurring for the same laser power. Currently the

collimator in the Ne∗ source setup is run with the mirror angle set to α = 0.0024

radians. As noted in [111], this was theoretically determined to provide the great-

est degree of collimation within the system. However, the incident angle of the

laser beams are limited by the equipment setup, and as such is not the ideal

β0 = 0.12rad. Instead, β0 is measured at 0.57 radians. For a more in depth

discussion on the analysis of optical collimators, see [111].

3.4 Metastable neon manipulation laser

This section outlines the design and use of a dye laser used to optically manipulate

the Ne∗ beamline. My personal experiences with the operation of this laser are

noted in appendix A.

The source of the 640.24nm light used to manipulate the Ne∗ atoms for the

optical collimation and optical preparation of the metastable atoms is provided

by a single mode Coherent-899 ring dye laser. The gain medium used is the dye

Kiton red, and the pump light for this system is provided by a Coherent Verdi V-5

laser. With the current configuration, for 5.5W of input pump power at 532nm,

there is approximately 750mW of output power at 640.24nm and a bandwidth of

approximately 1MHz. Immediately following the laser, approximately 30mW of
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Figure 3.8: The transverse velocity trajectories of metastable neon atoms from
the source nozzle at 0m, to the entrance of the optical collimator at 0.05m, to
the exit of the collimator at 0.2m. The method for calculating the trajectories is
described in [111]. The longitudinal velocity of the atoms is 500m.s−1, β0 = 0.119
and α = 0.0024. It is clear to see that the application of the optical collimator
reduces the transverse velocity of all atoms affected by the optical collimator.

power is split from the beam to be used in the frequency locking circuit, which

is detailed in figure 3.10. This locking circuit locks the laser at 30MHz blue

detuned to the 3P2 →3 D3 transition and will be described in the next paragraph.

The remaining power passes through a 50MHz IntraAction AOM-402A1 acousto-

optical modulator (AOM). This AOM is controlled by a commercial IntraAction

Model VFE frequency synthesizer. Under ideal operating conditions 87% of the

power is passed into the blue detuned first order, to give the beam a total blue

detuning of 80MHz. This beam is coupled into a single mode optical fibre with a

mounting system based around a Newport ULTRAlign model 561D fiber mount

which leads to a triplet of Thorlabs FC632-50B-FC optical couplers, which are

configured to split the light intensity roughly evenly into four outputs. These

outputs are used to provide the laser beams for the optical collimator at the Ne∗
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Figure 3.9: 640nm light is generated in the Coherent 899 ring dye laser, using
532nm light provided by a Coherent Verdi V5 pump laser. A small amount of
the light is initially picked off for use in locking the laser. The remaining laser
intensity is split into two beams using a 50MHz AOM. The 1st order beam,
containing most of the beam power, is launched into a single mode fiber which
is then split into 4 outputs to be used as the inputs for the optical collimator
(figure 3.4. The 0th order beam is launched into a single mode fiber to be used
as the input for the mj sublevel pumping apparatus (figure 3.6).

source. The AOM’s zeroth order contains the remainder of the optical power,

which is coupled using a system based around a Newport ULTRAlign model

561D mount into another single mode optical fibre to provide laser light to the

four way cross described in section 3.2 to manipulate the magnetic sub levels of

the Ne∗ beam.

The laser is locked to a Ne∗ cell using saturated absorption spectroscopy, a

method which is described in [112]. The optical setup for laser locking described

in figure 3.10 is reasonably standard, with two exceptions. The first is using an

Isomet 1201E1 AOM that is powered by an in house designed AOM controller to

detune the light incident on the cell red by 30MHz. This has the effect of blue

detuning the main laser beam by 30MHz, which assists in obtaining the optimal

detuning for the optical collimator at the Ne∗ source. The second exception is
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Figure 3.10: External Ne∗saturated absorption spectroscopy locking system for
the Coherent 899 ring dye laser. The wavemeter is used for coarse tuning of the
wavelength, otherwise the mirror is flipped out of the beam path.

the flip-in optical fibre mount that redirects the incident light to the Bristol 621

wavelength meter. This is used to provide coarse tuning of the dye laser if the

laser is too far off the locking transition for the laser’s scanning electronics to

find a saturated absorption signal. The Ne∗ locking cell is surrounded by a DC

coil, which is powered by an in-house designed variable current supply capable

of providing up to 1A of current. This provides a tuneable DC magnetic field

which Zeeman shifts the magnetic sublevels of the Ne∗, changing the effective

frequency where the saturated absorption peak is observed and thus allowing

further detuning of the laser beam by changing the transition frequency.

The laser locking system is run by a combination of hardware and software

controllers. The DC discharge that generates Ne∗ atoms in the gas cell is provided

by an in house created laser stabilisation hardware based system. The same

system also provides the saturated absorption peak signal dithering by means of

driving a set of AC coils around the cell, which provides an alternating magnetic
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Figure 3.11: A schematic diagram of the experimental setup for the laser pulses
and their interaction with the metastable neon atomic beam in the COLTRIMS
device.

field. Under standard operating parameters the DC discharge runs at 1485V and

the magnetic dithering runs at 80Hz. The AC dither signal is fed into a National

Instruments NI cDAQ-9174 digital acquisition device, along with the signal from

the photodiode in the locking circuit. These signals are processed using a Labview

program [113], which provides the error signal to the Coherent 899 ring dye laser

control box. Long term frequency drift is dependent on environmental factors,

such as the temperature, external humidity, age of the dye and the stability of

the cavity optics. It is estimated to be less than 30MHz over several hours.

3.4.1 Total experimental apparatus configuration

Figure 3.11 is provided to outline how all the components are connected when

taking the experimental results described in chapters 4 and 5.
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3.5 Chapter summary

This chapter outlined several reasons as to why Ne∗ is an interesting target for

strong field ionisation. As these reasons stem from the atomic structure of Ne∗,

the atom was described in terms of the j` coupling scheme. As a result of it’s

dipole forbidden transition, the Ne∗ state lasts long enough to be useful for in-

terrogation (∼ 15 seconds). It has a high internal energy (16.5eV) which allows

for the examination of various regimes of ionisation, and it has a closed cooling

transition at 640.24nm which allows for the optical manipulation of the atomic

beam and for pumping the atomic beam into a stretched mj state ensemble. The

design of the experimental apparatus for generating Ne∗ atoms and transferring

them to the COLTRIMS for ionisation was described. It provides an estimated

atomic Ne∗ flux of ∼ 1 × 1014atoms/sr/s at the interaction region. The optical

manipulation of the atomic beam using the optical collimator was integral to

separating the Ne∗ ion yield signal from other states of neon, and as such the

theory of optical molasses and collimator operation was outlined. This theory

is also required for understanding the mj pumping process described in chapter

4. The optical manipulation of Ne∗ requires light that is frequency locked to the

correct atomic transition at 640.24nm, and the experimental equipment required

to provide such light for this work was described.



Chapter 4

Ionisation of metastable neon

As discussed in section 1.1, the application of a high intensity light pulse to an

atom can cause ionisation. Experiments for these interactions with noble gases

have been performed and uncovered various phenomena such as non-sequential

double ionisation with long and short pulse lengths [41, 114] and higher harmonic

generation [6]. Characterisation experiments have also been performed, for exam-

ple the effects of polarisation of the ionising beam on the ionisation rate of helium

and neon [115] and the effects of atomic shell structure on non-sequential double

ionisation [43]. One area where detailed characterisation is lacking is experi-

mentation upon excited atomic states. Investigating the strong-field ionisation

of metastable neon is interesting due to a number of reasons. Firstly, the low

ionisation potential of metastable neon (5.1eV) allows for investigations of OBI

effects using laser systems that are relatively common in the strong-field commu-

nity. Secondly, it is possible to examine the effects of changing the shell of the

valence electron has on ionisation effects, by comparing results from ground state

Ne to Ne∗. Additionally, the single-photon dipole allowed cooling transition of

Ne∗ allows the spin polarisation of the valence electron by pumping with correctly

oriented circularly polarised light, allowing another method of examining the role

of the initial atomic state on the ionisation dynamics of the system. These three

potential observations provide a challenge to the theory of strong-field ionisation.

As noted in chapter 1, there are a variety of theoretical methods that are used to

describe the strong-field ionisation process. ADK was the standard for a while,

but as accessible laser intensities increase, the assumption that tunnel ionisation

is the only ionisation mechanism in these interactions has been challenged. The

application of complete TDSE based solutions for the ionisation process includes

information on multiphoton ionisation and OBI, but is dependent on correctly

modelling the atomic potential and the wavefunction of the valence electron to

59
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correctly predict the system [22, 25]. The data that can be obtained from exper-

iments using Ne∗ can be used to aid in more accurately determining these fun-

damental building blocks of quantum systems, assuming the experimental data

is accurate. In particular, examination of spin-polarised results could provoke

discussion regarding the applicability of using spin averaged results in modelling

of the system. Ultimately, observing strong field ionisation of Ne∗ will provide a

base to improve the model potentials and wavefunctions of an ionising system.

These apply to atomic systems in general, not just ionising systems, therefore it

should become possible to more completely describe the electron dynamics of an

atomic system. This could have flow on effects into other fields of science, such

as solid state physics and computational chemistry.

Research on excited state targets has been undertaken before in two cases. The

first was an investigation into the strong-field ionisation of Li atoms by Schurike

et. al. [56, 116]. This work took advantage of the the low ionisation potential

of Li (5.39eV) to explore the ionisation dynamics in the multiphoton regime,

tunnelling ionisation regime and the OBI regime using a 30fs laser pulse. While

the Li was initially ionised from the ground state, it was observed that resonance

enhanced multiphoton ionisation processes that access excited states of Li occurs

in intensity regimes where OBI should be observed. Further work focussed on

using pump-probe experiments to compare photoionisation spectra for Li atoms

with their valence electrons excited into the 4s and 4p shells. Work has also been

done on the ionisation of metastable xenon targets by Huismans et al. [57] using

a 7µm laser. That work examined the holography between directly ionised and

rescattered electron wavefunctions. This provides information on the electronic

core of the atom. The photoelectron and momentum spectra were observed over

a series of ionising laser intensities and “side-lobes” were observed that were

predicted by a TDSE calculation. However, the intensity of the laser used in

Huismans et. al. was much lower relative to the ionisation potential of the atomic

target (peak laser intensity of 7.11 × 1011W/cm2 with calculated Ep = 8.33 ×
1011W/cm2) compared to the work done in this thesis, which limited the work to

an investigation in the tunnelling ionisation regime only. This was purposeful on

the authors part, as tunnel ionisation ensures that the non-scattering electron is

ejected away from the influence of the atomic potential.

This work involves the investigation of strong-field light interactions with

atoms in metastable electronic states. It builds upon an expertise in the lab-
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oratory on the production and manipulation of beams of metastable atoms [106,

107, 101], and uses optical quantum state preparation techniques to investigate

the role of the initial atomic state in the tunnelling ionisation and OBI process.

The work in this thesis will add to a large amount of experimental data of the

ionisation yield as a function of laser intensity (see [117, 118, 115] for previous

examples). However, it will explore a regime not covered by previous experimen-

tal results in the field, that of a target with a low ionisation potential. It will

also explore, for the first time with any target to the best of my knowledge, the

effects of valence electron spin on the ionisation yield.

4.1 Theoretical modelling

The main purpose of this particular experiment was to examine the strong-field

ionisation yield of 3P2 neon ensembles that are spin polarised. However, as the

initial strong-field ionisation is an important process to understand, it was in-

vestigated first. To make any valid comparison between theory and experiment,

the folding of experimental parameters with the theory is required. This requires

modelling that takes into account the size and shape of both the atomic beam and

the laser pulse, as well as the evolution of each laser pulse in time, and how many

laser pulses are used in a data run. A flowchart of the process used to calculate

theoretical ion yield data is given in figure 4.1. The details of the flowchart are

explained in the following sections.

4.1.1 Ionisation theories

In order to determine the total ion yield it is necessary to determine the ionisation

fraction at varying laser intensities. This was performed using Matlab by solving

equation 4.1, as per the method used by Gibson [119].

η (t) = 1− exp

[
−
∫ t

−∞
dt′w(t′)

]
, (4.1)

where η (t) is the total ionisation fraction caused by a laser pulse interacting with

the atom after time t and w (t′) is the instantaneous ionisation rate at time t′.

The w (t′) term is entirely dependent on the theory used to determine ionisation

rate. In this work three theories are examined: ADK, Coulomb corrected ADK

(CC-ADK) and a TDSE based theory provided by X.M. Tong [125].
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Figure 4.1: A flowchart describing the steps to generate an ion yield result from
theory.
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ADK

ADK theory uses the ionisation rate equation given in equation 1.7. In order

to calculate a solution for equation 4.1, t is set such that it encompasses the

whole of a laser pulse. The range 0 → t is then broken up into small fractions

such that δt = t/10000 so as to solve equation 4.1 as a sum of elements. This

division provides convergence to lower than 0.001%. The electric field of the laser

is generated at all points t′ = nδt, where n is the iteration number, as per

E (t′) = E0cos (ω0t
′) exp

[
−(t′)2

τ 2pul

]
, (4.2)

where E (t′) is the electric field amplitude at time t′, E0 is the peak amplitude

of the electric field, ω0 is the central frequency of the laser pulse, and τpul is the

FWHM of the laser pulse. E0 is a varying parameter, and is determined from

the laser intensity as E0 =
√
Ipk × 2Z0 where Z0 = 377Ω. According to equation

1.7, it is necessary to know several variables for the atom in order to solve for

w. These are the orbital angular quantum number `, its projection m`, the

effective total quantum number n∗, the effective orbital quantum number `∗ and

the charge of the ionic core Z. These are all known for Ne∗ and do not vary over

the time t. Likewise, the laser properties can all be measured experimentally. The

experimental values are used to solve equation 1.7 at all given times t′, the results

of which are then used to numerically solve the integral in equation 4.1, to give

an ionisation fraction for any given simulated laser intensity Ipk. An example of

the evolution of this system is given in figure 4.2, where the time evolution of the

electric field of a laser pulse is shown in blue. The associated Ne+ fraction derived

from parent ground state neon atoms at any given time during the pulse is shown

in green. It is observed that as the electric field increases, the ionisation fraction

increases until it reaches unity. Higher peak electric field amplitudes result in

the system reaching the unity ionisation fraction at an earlier time, while lower

electric field amplitudes will see the ionisation fraction reaching unity at a later

time, if the system is capable of achieving complete ionisation.

CC-ADK

A similar method is used to find the ionisation fraction for the CC-ADK theory,

however the ionisation rate equation is instead given by equation 1.10. The

equation requires knowledge of n∗, the mass of an electron me, and the ionisation
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Figure 4.2: Comparison between the ionisation fraction of neon for a laser pulse
with a peak intensity of 1.2× 1013W/cm2 and the electric field of the laser pulse.
The ionisation fraction naturally increases as the pulse passes by the atom. The
total time range is Ttotal = 4 × τpulse. Units of time in the plot are given in the
matrix units used for the calculation, where 1 unit = Ttotal/1000s.

potential of the target atom Ip, as well as the laser parameters given above.

Equation 4.1 is solved under these parameters to give the ionisation fraction at

a given laser intensity.

TDSE

Determining the ionisation fraction for the TDSE equation at a given intensity

was performed differently to the ADK approaches. TDSE data was provided by

X.M. Tong for laser intensities from 1.0× 1012W/cm2 to 1.2× 1015W/cm2. The

data is provided as an ionisation probability for a given laser intensity. This

data was used to generate an interpolating spline which allows the ionisation

rate to be determined at any arbitrary intensity within that range. The ioni-

sation probabilities of the Ne 3s electron were calculated by solving the TDSE

under the single-active electron approximation with the second-order-split oper-

ator method in the energy representation [120, 22]. The model potential [21] is

calculated using density functional theory with self-interaction correction [121],
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from which the calculated atomic ionisation potentials are in good agreement

with the measured ones. The numerical convergence is cross checked by compar-

ing the ionisation probabilities obtained from the integration of the ATI spectra

and survival probability of the 3s orbital into the bound states. The two results

are in agreement within a few percent.

4.1.2 Focal volume averaging

The results returned from the theoretical models in section 4.1.1 all refer to a

single atom being ionised by a single pulse at a point in space. The experimental

apparatus cannot reproduce these conditions as the laser beam is finite in size

and the atomic beam can have more than one atom in the interaction region. As

such there are different probabilities of ionisation across a volume defined by the

overlap between the laser and atomic beam. This makes total ion yield calcula-

tions non-trivial, as it is not simply a matter of multiplying the ionisation fraction

by the number of pulses that are passing through the interaction region in the

model. It is possible to design the experiment such that it reduces focal volume

effects by reducing the size of the interaction region as observed by the detection

devices. Traditionally this is performed through aperturing between the interac-

tion region and the detector [122], which removes particles with energy that do

not give them a trajectory through the aperture. A downside of this approach is

the potential loss of signal, reducing the signal to noise ratio. Aperturing may

also not be an option due to experimental restrictions. For the work performed

in this thesis, the multi-purpose nature of the COLTRIMS which is designed to

directly record the momentum of the detected products prevents the use of aper-

turing. In this case, the ionisation probability over the entire interaction region

must be determined by integrating the ionisation rate over the focal volume. This

is performed for this experiment, with the method described below.

To perform the focal volume averaging to calculate the total ionisation it is

necessary to model the conditions of the interaction region and determine the ex-

pected yield of ions under those conditions. The model will assume that the laser

beam is Gaussian and focussed to a spot in the centre of the cylindrical atomic

beam, with no astigmatism. This is justified from the atomic beam prepara-

tion and beam width measurements. The atomic beam is prepared through two

1.5mm apertures separated by a distance of approximately 300mm. Beam width

measurements are given in figure 4.3. Figure 4.4 displays a schematic of the mod-
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Figure 4.3: A measurement of the atomic beam width in the COLTRIMS. This
is measured by scanning the ionising laser in the r direction as defined in figure
4.4 and recording the ion yield. The interpolated fit is fit using an interpolating
spline function in Matlab. The Gaussian fit follows the equation f(x) = a ×
exp [−(x− b)2/c2] where a = 4.05± 0.40× 104, b = 8.6± 0.1 and c = 0.59± 0.07.
It has aR2 = 0.96. It is clear that the Gaussian fit is not ideal, but provides a good
estimation of the width of the function at the FWHM. Given that the ion yield
function should be a convolution of the cylindrical atomic beam and the Gaussian
laser beam, and noting the flat top of the data points, for modelling purposed the
2D projection of the atomic beam width is treated as a top-hat function with a
width given by the FWHM of the Gaussian function of zabeam = 1.39± 0.16mm.
Assuming cylindrical symmetry, this flat-top translates to a cylindrical atomic
beam. Given the transverse velocity distribution of the atoms out of the source is
assumed to be Gaussian, it might be surprising that the atom beam measurements
appear to be more flat top. This is attributed to the optical collimation applied
to beam as described in section 3.3.

elled system. Due to the cylindrical nature of the atomic beam, the coordinate

system will be defined in cylindrical polar coordinates, (r, θ, z). The z axis is

defined in figure 4.4 as being the direction of propagation of the atomic beam.

As solving symmetrically in θ simplifies the calculations, the r axis is described

as existing along the θ = 0 angular coordinate, as shown in figure 4.4.
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Figure 4.4: A conceptual layout of the interaction region as it is modelled for
theoretical ion yield predictions.

It is possible to define the integral for the total ion yield in the focal volume

as

αtot =

∫
α (r, θ, z) drdθdz, (4.3)

where αtot = is the total ion yield. Due to the cylindrical symmetry of the system

around the origin, it is possible to bring out the integration under θ as a constant

2π, giving

αtot = 2π

∫
α (r, z) drdz. (4.4)

α (r, z) can be determined from the calculated ion fraction w (r, z) and the atomic

number density D (r, z) such that

αtot = 2π

∫
w (r, z)D (r, z) drdz. (4.5)

In order to solve this integral, a grid is set up along the r−z plane. The maximum

values for the axes are dependent upon the width of the atomic beam in the z

direction zabeam, and the 1/e2 width of the laser beam in the r direction. The grid

points are generated on these axes by dividing the maximum widths of the r and

z directions by a grid sizing variable. The grid sizing variable provides a trade
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off in that the higher the value, the finer the grid points and hence higher the

resolution of the ionisation grid map, but at the cost of a corresponding increase

in computation time. For the calculations performed, a grid sizing variable of 20

was used, as after multiple iterations of testing the grid sizing variable was shown

to converge to below 0.5% while retaining reasonable computation time (∼ 20

minutes). Once the grid points are defined, the intensity profile of the laser pulse

is mapped onto the grid. This allows the laser intensity at any point on the grid

to be determined using the equation

I(r, z) =
I0

1 +
(

z
Rz

)2 exp




−r2

w0

[
1 +

(
z
Rz

)2]


 . (4.6)

This requires the input of the Rayleigh range, Rz, the radius of the beam waist at

the focus, w0, and the peak intensity of the laser at the centre of the focus, Ipk. At

each grid point the laser intensity is used to generate an ionisation fraction. For

the case of ADK and CC-ADK theories, the laser intensity is used in conjunction

with equation 4.1 and the appropriate ionisation rate equation to generate the

ionisation fraction. For the TDSE case, the laser intensity is used in conjunction

with the spline of ionisation rates to interpolate an ionisation fraction. This

generates a two dimensional ionisation fraction map.

The data from the two dimensional ionisation fraction map is interpolated us-

ing a Piecewise Cubic Hermite Interpolating Polynomial (pchip) Matlab function

between the grid points in both directions. These functions are solved over a grid

that has the same maximum dimensions but has the grid point density increased

by a factor of 100, which gives a much finer 2D ionisation map, as shown in figure

4.5. The density factor increase was chosen as a trade-off between convergence

(< 0.5%) and computation time. The interpolated map is accurate to within 5%

of an ADK ionisation yield map with the same number of grid points that has not

been interpolated, while being 3 orders of magnitude faster to compute. The in-

terpolation process increases the resolution around the edges of the volumes of the

pulse without the loss of ionisation fraction information. As shown in figure 4.5,

there is a very steep ionisation fraction gradient at the edges, where a large part

of the ionisation fraction information is located. Increasing the grid resolution in

this manner increases accuracy of the raw ion yield results by 27± 5%.

The effects of the atomic beam must be introduced into the script in order to
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Figure 4.5: The modelling of the two dimensional ionisation fraction map with
the following laser parameters: Ipk = 9.6 × 1013W/cm2; w0 = 7.25µm; pulse
length = 6.3fs. The top plot shows the calculated points, while the bottom shows
the interpolated map. Both maps come from the same modelling data, however,
only the interpolated map is used for further processing.
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determine the modelled total ion yield. The estimated atom flux in the interaction

region is determined from the estimated gas source flux ϕ, and the subtended solid

angle of the interaction region,

φ = 4πsin2

(
zabeam
ssource

)
, (4.7)

where ssource is the distance from the source nozzle to the interaction region.

From this flux data, a z-dependent atomic density profile of the interaction

region is generated along the grid points in the r−z plane, giving D (r, z). As the

atomic beam is assumed to be cylindrical with a uniform density, this projects

as a top hat beam profile along the r − z plane. With grid solutions for D (r, z)

and w (r, z) it is now possible to complete the integration in equation 4.5 by

summation across all grid points in the r − z plane. This gives the theoretical

ion yield from a single laser pulse. In order to complete the modelling, this single

shot yield is multiplied through by the total number of laser pulses, n.

Table 4.1: Standard parameter values for modelling ion yield
Parameter Symbol Value
Central wavelength λc 760nm
Pulse repetition rate fpul 1kHz
Pulse length τpul 6.3fs
Focus size w0 7µm
Width of atomic beam zabeam 1.5mm
Estimated atomic beam flux ϕ 1.43× 1014atoms/str/s
Distance from source nozzle to interaction region ssource 1.9m
Number of pulses n 120000
Average velocity of atomic beam vabeam 540m/s

Equation 4.5 is solved using Matlab. The functions for solving CC-ADK are

given in appendix C as an example. This modelling code is highly modular.

While the parameters for the current setup are given in table 4.6, the code is

designed such that it is very easy to change these parameters for different setups.

This is due to the fact that the code has been created with the aim of taking

experimentally controllable parameters and converting them into modelling vari-

ables. For instance, determining the volume of the interaction region is done with

the input of the laser beam geometry and the atom beam profile into the code,

as opposed to having to calculate the interaction region volume separately and

inserting it into the code. It is also simple to introduce different atomic species

into the code. The ease of adjustment of any of the experimentally controlled
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Figure 4.6: An example of the total ion yield modelling output α (r, z). The
modelling parameters are the same as used in figure 4.5. There is an area of high
ionisation at the centre of the focus. This is expected, as this is the location
of the peak electric field. The increasing width of interaction in the r direction
at the extremes of the z values is due to the volume effects at the edges of the
Gaussian pulse, i.e. the width of the pulse increases and still has an electric field
high enough in these regions to cause ionisation. This is typical of systems with
a low ionisation potential and a laser beam Rayleigh range of the same order of
magnitude as the atomic beam. As the integration across r is performed as a
sum of small cylindrical shell volume elements, values close to r = 0 have a low
ionisation yield due to their smaller volume elements when compared to greater
values of r. This manifests as the almost linear slope increase in ion yield up to
r ∼ 30 across all values of z. After that value of r, the ion yield probability drops
due to the lower electric field amplitude at those values of r, and the integration
effects on increasing ion yield are reduced.
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variables makes this code very attractive for use in modelling other experiments.

As a result of this, the code was used with minor adjustment for modelling the

ionisation of atomic hydrogen by Wallace et al. [123].

4.1.3 Theory comparison

Figure 4.7 outlines the differences in applying different theories to the same mod-

elling parameters for 3P2 neon. There are a few points to highlight here. The

first one is the similar functional forms between the base ADK and the Coulomb-

corrected ADK theories, in that there is a region of laser intensity from 0 -

0.2W/cm2 where the ionisation yield remains low due to the relatively low elec-

tric field strength. This does not appear in the full TDSE approximation, where

multiphoton ionisation and OBI is modelled. Secondly, there is almost no quali-

tative difference in the theoretical curves after the saturation points are reached.

The differences in the theories are therefore best highlighted in the region before

saturation, where it can be noted that the theories that consider OBI rise up to

the saturation region at lower intensities than ADK theory does, in turn indicat-

ing that the inclusion of OBI electrons increases the ion yield in this modelling.

It is likely that this is a manifestation of volume effects at the edge of the laser

beam as the intensity increases.

4.1.4 Optically pumped metastable neon atoms

This work also examines the effect of pumping the Ne∗ atoms into stretched mj

states before ionisation. A stretched state is a state that exists at the maximum

possible value for |mj|. This work was performed based on several considerations.

First of all, there has recently been some interest in the processes of photoion-

isation of excited state atoms and the effects of the fine state using few cycle

pulses [124]. Additionally, utilising metastable neon as the atomic target allows

access to the 3P2 →3D3 cooling transition with 640.24nm light and facilitates

optical pumping of the atom. By circularly polarising the pump beam to σ+, the

selection rules of the transition excite transitions with δmj
= +1. The decay from

excited states has δmj
= 0,±1. The weighting of the decay rates is such that

they favour δmj
= +1 and under constant pumping with σ+ light, the pumped

atom will eventually reach the stretched 3P2 mj = +2 metastable state. When
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Figure 4.7: A comparison between the predicted ion yields for differing theoretical
predictions for ionisation probability of Ne∗ using a high intensity laser pulse.
This data is modelled with the following parameters; 1.2 × 106 pulses; pulse
length of 6.3fs; laser beam waist of 7.25µm; central wavelength of 760nm; atomic
beam flux of 1.43× 1014 atoms/str/s. The data has been normalised.

this occurs the decay probability from the 3D3 mj = +3 state is 1 and hence

the continued interaction with the optical pumping beam constantly transitions

between the mj = +2 metastable state and the mj = +3 excited state. Likewise,

the same situation exists for σ− pump light, pumping into the mj = −2 stretched

state. This mechanism generates an ensemble of spin polarised Ne∗ atoms.

The optical pumping process in this work was modelled by solving the optical

Bloch equations (OBEs) in the rotating wave approximation (RWA) [125], with

modelling provided by R.D. Glover. The OBEs describe the time evolution of

the internal fine states of an atom in the presence of an external field, including

the atomic fine state coherences and spontaneous decay effects. They are derived

from solving the equations of motion for a two level atomic system utilising a

density matrix method, and are thus semi-classical. Complete quantum electro-

dynamical solutions to the equations of motion have been derived [126, 127]. As

the time scales covered in this work are relatively long and the intensities are high,

the results obtained from both QED based and OBE based approaches converge

[127]. To this end, the simpler OBE based approach is used for modelling in
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this work. Several derivations for the OBEs can be found in various textbooks

on quantum mechanics and optics (see, for example, [128, 129]). The derivation

used for this work can be found in Metcalf and van der Straten [102], with the

applicable OBEs for a two level system being:

dρgg
dt

= γρee +
i

2
(Ω∗ρ̃eg − Ωρ̃ge) (4.8)

dρee
dt

= −γρee +
i

2
(Ωρ̃ge − Ω∗ρ̃eg)

dρ̃ge
dt

= −
(γ

2
+ iδ

)
ρ̃ge +

i

2
Ω∗ (ρee − ρgg)

dρ̃eg
dt

= −
(γ

2
− iδ

)
ρ̃ge +

i

2
Ω∗ (ρgg − ρee) ,

where ρgg and ρee are the population of the ground and excited states respectively,

ρge and ρeg are the coherences between the two states, Ω is the Rabi frequency

of the transition, γ is the decay rate of the transition, δ is the detuning of the

system and ρ̃mn ≡ ρmne
−iδt.

In the relevant example case of the experimental apparatus used, the OBEs

were solved for σ− circularly polarised light using the optical pumping beam

parameters given in table 4.2, the results of which are given in figure 4.9. It is

observed that after 1µs, the system reaches a steady state with 50% of atoms

being in the 3P2 mj = −2 state. The remainder of the atoms exist in the 3D3

mj = −3 excited state, as the atoms in the system are at this point now cycling

between these two states as part of their scattering cycle. Upon leaving the

pumping laser beam, the atoms in the excited state relax within 80ns, which

leaves 99% of the atoms in the 3P2 mj = −2 state.

Table 4.2: Experimental parameters for mj pumping
Parameter Value

s0 120.9
Ω 65.8MHz
γ 8.47MHz
δ 0Hz

The experiment calls for adjusting the fast axis of a quarter-wave plate with

respect to the polarisation axis of a linear polariser. This was modelled by us-

ing Jones matrix formalism for the transformation of linearly polarised π light
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Figure 4.8: Fine structure transitions for the cooling transition in neon. The 3P2

is the metastable state. The figure shows optically allowed transtions and the
squared Clebsch-Gordan coefficients for the J = 2 to J = 3 fine state transitions
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Figure 4.9: Numerically calculated population fraction of mj sublevels in Ne∗

atoms being pumped by σ− circularly polarised light using the method described
in section 4.1.4. Atomic parameters are given in table 4.2. For the purpose of the
calculations, the laser beam is assumed to be ideal, i.e. with perfectly circular
polarisation, interacting perfectly orthogonal with the atomic sample, and has an
infinitely small linewidth. The stretched mj = −2 state reaches 99% population
after 0.63µs. For σ+ pump light, the plot is similar except with the signs of the
mj states reversed.
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through a quarter-wave plate

QWP =
√

2

[
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(
π
4

)
+ isin

(
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(
π
4

)
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(
π
4

)
cos (2θ)

]
, (4.9)

where θ is described above as the angle of the fast axis of the waveplate with re-

spect to horizontally polarised light. This is performed to determine the fraction

of σ+, σ− and π polarised light for any arbitrary waveplate angle used in the ex-

periment. Using this information, the expected mj state fractions are calculated

for different angles by solving the OBEs as described above by convoluting the

fractional composition of the polarisation states of the light with the known tran-

sition strength coefficients in a similar manner as described in [127]. Given that

the interaction is set up such that the polarisation vector of the linearly polarised

light can never be parallel to the quantisation axis in use for the experiment, this

is a valid approach to solving the OBEs [127].

The results are shown in figure 4.10. This is an incomplete treatment of the

experimental setup, as it is assumed that all the parameters are perfect which

is not the case. In particular, the laser light is experimentally never perfectly

circularly polarised at the angular location where is should be. This has been

measured using Stokes parameters and the results and effects of the ellipticity

of the laser polarisation are fully described in section 4.4.2. To summarise here,

the maximum degree of circular polarisation achieved by the experimental setup

was 96%, and given the broad calculated distribution of atoms pumped into

stretched states (see figure 4.10), this was deemed to have a negligible effect on

the population state. This is especially the case considering this work is trying

to observe a qualitative effect i.e., whether the ionisation rate of Ne∗ changes

depending on the mj state of the atom. The model also doesn’t consider the

effect of the Earth’s magnetic field in the interaction region or during propagation

to the COLTRIMS. These effects are two-fold. Firstly, the magnetic field causes

Zeeman shifting of the hyperfine levels in both the 3P2 and 3D3 states of Ne, which

creates detuning from the transition frequency and reduces the transition rates.

This effect can be estimated using the formula for the linear Zeeman shift of fine

atomic energy levels; ∆E = gLmjµBB [102]. Here, ∆E is the change in energy

for the state mj that is caused by a magnetic field B. gL is the Landé g factor and

µB is the Bohr magneton. By application of this formula to both affected atomic
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Figure 4.10: The modelled change in the mj state fraction of a 3P2 Ne atom beam
as the fast axis of a quarter-wave plate is rotated around the pass axis of a linear
polariser. The atomic and laser parameters are the same as described in figure
4.9, with a pumping time of 4.63µs. For clarity, only the mj = ±2 states are
displayed.

states, and making the approximation that the external magnetic field is 65µT, a

frequency split of approximately 40kHz is calculated from Zeeman shifting. The

bandwidth of the dye laser system used to pump the atoms is 1MHz [101]. As a

result, with this system it is not possible to experimentally observe the effects of

Zeeman splitting of states. Secondly, during propagation to the COLTRIMS, as

the direction of the Earth’s B-field does not match the quantisation axis that was

used to spin polarise the atomic sample (vertical), atomic spin-flip may occur on

atoms in the ensemble, reducing the number of atoms remaining in the stretched

states at the COLTRIMS. This is a potential issue when attempting to measure

the population of mj states that are propagating through free space, although

previous work in the laboratory indicates that Ne∗ retain their spin polarisation

well over the distances travelled [130]. These effects were not modelled because

this work was exploratory in nature and there was an emphasis on observing

qualitative results as opposed to explicitly modelling an accurate quantitative

solution to the system.



78 CHAPTER 4. IONISATION OF METASTABLE NEON

This is not the only method of modelling atomic state population dependence

on time spent in the pump beam and the ellipticity of the polarisation of the

pump beam. For example, a similar attempt is performed by Varcoe et al. [127],

where the authors examine the hyperfine mF state population dependency on

time spent pumping at different polarisation ellipticities. In that work, a quan-

tum electrodynamic model is developed that attempts to find an expression for

the rate of change of the expectation value of the atomic operator element be-

tween the ground state and the excited state of the D2 transition of Na, d
dt
〈χeg〉.

The expression is explicitly formulated with an experimental setup with a linear

polariser and a quarter-wave plate separated by an angle θ. In this case, the Rabi

frequency Ω is split into three components, each representing a transition that is

dependent on the change in the m quantum number, and hence whether the light

is σ+, σ− or π polarised. The angle θ is essentially used to determine the the po-

larisation fraction of incident light that would be interacting with any given Rabi

frequency, in a very similar method used for the results given in figure 4.10. In

fact, this method is used in the literature extensively (see, for example, references

[131, 132, 133]). The expression d
dt
〈χeg〉 is therefore is dependent on the angle

θ, which is experimentally the same variable changed in the system described

for mj pumping in this chapter. The expression for d
dt
〈χeg〉 is then used as the

basis for a set of linear, first order, coupled differential equations that represent

the rate of change in population of the hyperfine energy states when driven by

light near the transition frequency. The system is then solved numerically over a

given time to determine the evolution of the system [127]. In essence, the work

done by Varcoe et al. is very similar to the method used in this work in terms of

process, but utilises fully QED differential equations, which contain information

about interferences and coherences between hyperfine atomic states, instead of

the semi-classical OBEs.

Previous experiments with this source have measured the average velocity of

the metastable neon atoms to be 540m.s−1 using time-of-flight techniques when

the nozzle is cooled with liquid nitrogen [97]. Given the collimated laser beam

width of 6.0mm, this translates to a laser-atomic beam interaction time of 11.1µs.

Figure 4.9 shows that the amount of time required for the pumped system to

reach equilibrium is a factor of 22 less than the interaction time. This makes

this particular system extremely well suited to examining the difference between

a system which is in an ensemble where mj = 2, an ensemble where mj = −2,
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and an ensemble that has a mixed mj split state fraction.

The pumping laser was locked directly to the Ne∗ trapping transition and

no detuning was applied to the laser beam with AOM’s. As δ = 0 reduces

equation 3.8 to zero under the conditions of this experiment (i.e. ~k and ~v are

perpendicular to each other), and the pump beam is retro reflected, (see figure

3.6) the net optical force provided to the atoms from the pumping beam is zero.

This eliminates the possibility that the ionisation yield is affected by the optical

pumping apparatus deflecting the atomic beam out of the interaction region,

leaving the only effect on ionisation yield to be the initial mj state of the atom.

This section described how Ne∗ atoms were prepared in ensembles of different

mj states. This was performed by altering the polarisation of pump light tuned to

the 3P2 →3D3 optical transition. The system was modelled under ideal conditions

to confirm that there would be a large difference in mj state population when

the polarisation of the light was changed from σ+ to σ−. Precautions made to

eliminate secondary effects from affecting the results were outlined.

4.2 Equipment setup

The Ne∗ atom flux measurement for the purpose of modelling is performed us-

ing the Faraday cup in the atomic beamline as described in section 3.2. Ne∗

atoms have enough internal energy to undergo Auger ionisation upon striking

the Faraday cup, which releases a small current to be picked up by the picoam-

meter. Free electrons are created in the process and co-propagate with Ne∗ atoms.

These are removed from the beam through the use of electron deflector plates as

shown in figure 3.5. The plates were operated with a potential of 400V across the

plates. UV photons are also generated and can be detected by the Faraday cup

via photoionisation of electrons from the stainless steel backplate, increasing the

observed current from the Faraday cup. The UV component of the source has

been measured to be 6% [96], and is accounted for when determining the atom

flux from the Faraday cup current.

F =
Iµ

eγδΩ
(4.10)

Equation 4.10 gives the flux, F, in atoms/steradian/second. I is the measured

current, e is the charge of an electron, µ is the fraction of metastable contribution

to the measured current compared to the UV contribution, δΩ is the solid angle
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Figure 4.11: An example of a raw m/q spectrum obtained in the COLTRIMS.
This example has the DC discharge source on, Ipk = 3.4 × 1014W/cm2, and the
data is taken over 1.2× 106 laser pulses. Inset: background subtracted version of
the same spectrum.

subtended by the Faraday cup target, and γ is the secondary electron emission

coefficient. γ is highly dependent upon the material used for the Faraday cup

and of any contamination of the target. This work uses a value of γ = 0.3 for

chemically cleaned stainless steel [134].

The COLTRIMS device was operated using only the ion detector. For the

purposes of this experiment, the information of interest can be obtained from the

mass-to-charge ratio (m/q) spectrum. An example of this spectrum is shown in

figure 4.11, with all the relevant features indicated. The COLTRIMS can be op-

erated with the mass spectrometer at varying voltages, although this is typically

used when attempting to adjust the resolution of the momentum spectra. This

affects the calibration of the m/q spectrum, which can be adjusted by altering the

electric field strength variable in the COLTRIMS software to fix the calibration.

This is a matter of trial and error: adjust the electric field strength variable,

load up a data set and compare the location of the 20Ne+ to where it should be

(m/q = 20). If it is offset, repeat the process until the calibration is corrected.



4.3. EXPERIMENTAL METHODOLOGY 81

4.3 Experimental methodology

The origin of the neon peaks in figure 4.11 are from two different isotopes of 20Ne+

and 22Ne+. They arise from the ionisation of both Ne∗ and ground state Ne. In

addition, the COLTRIMS chamber contains a low background of gaseous hydro-

carbons, a result of roughing pump oil entering the COLTRIMS chamber from

both the Ne∗ source and the cold molecular source attached to the COLTRIMS

from another experiment. These hydrocarbons can ionise into chains that have

the same m/q signal as a neon ion. The combination of these effects leads to

counts in the neon ion signal from the ground state neon and the background

that must be removed in order to obtain an accurate ionisation yield from only

Ne∗.

To obtain a spectrum that is purely a result of Ne∗ ionisation, it is necessary

to take three separate measurements at the same ionising laser intensity. The first

is an ionisation measurement with the Ne∗ source discharge on and the optical

collimator on, Scoll−on. This gives a measurement with collimator enhanced neon

ion counts from Ne∗, ground state neon, and the background. The second mea-

surement is with the same source parameters but with the collimator off, Scoll−off

which gives a signal from collimator unenhanced Ne∗ atoms, ground state neon

atoms in the beam and the background. Finally, the atomic beam is blocked off

from the COLTRIMS chamber via the use of the manual gate valve. This gives a

spectrum where the only counts in the neon ion peaks are from the background,

Sbg. The following calculation is then performed

SNe∗ = (Scoll−on − Sbg)− (Scoll−off − Sbg)
= Scoll−on − Scoll−off ,

(4.11)

where SNe∗ is the total ion count resulting from only 3P2 metastable neon atoms.

This is done by utilising the Matlab imsubtract function. The steps of this are

displayed in figure 4.12.

Once the final spectrum has been obtained, the total neon ion yield is calcu-

lated by integrating under the relevant peaks in the spectrum. These relevant

peaks are the 20Ne1+ and the 20Ne2+ peaks. The work presented in this thesis

only considers the 20Ne isotope. The double ionisation peak is included as the

neon double ions generated in the COLTRIMS arise from the first ionisation from

the few cycle laser, regardless of the process that generates the second electron.
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Figure 4.12: m/q spectra signal subtraction procedure. This is an example of
extracting a Ne∗ signal from a source containing ground state Ne and Ne∗ atoms.
The top image displays discharge on data that has been background subtracted.
The middle image displays discharge off data that has been background sub-
tracted. The bottom image displays the difference between the two previous im-
ages. Around the neon ion peaks, the final image displays ions generated purely
by Ne∗ parent atoms. The following laser parameters we used in this image:
Ipk = 2.42× 1014W/cm2, w0 = 7.25µm.
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In order to perform this integration Matlab is used to mark the ionisation peak

locations in the spectrum. The matching ion yields are summed together to give

a total ion yield. The Matlab code also includes error analysis and propagation.

4.4 Results and discussion

4.4.1 Ion yield as a function of intensity

A number of data runs were taken at different laser intensities, with the following

experimental parameters. Each data point was taken over 1.2× 105 laser pulses.

The laser pulses had a random CEP and a pulse length of 6.3± 0.2fs. The laser

intensities range from 8.42×1012W/cm2 through to 4.85×1014W/cm2. This cor-

responds to a Keldysh parameter range of γ = 0.31 → γ = 2.32 for metastable

neon. The measured atomic beam flux was 1.4± 0.2× 1014atoms.sr−1.s−1. Error

was determined from the intensity drift of the ionising laser over the data inte-

gration time, which is measured independently for every data point taken. The

other contribution to the error arises from Poisson counting statistics.

Laser intensity calibration is performed using the method put forward by Al-

naser et al. [135]. This method relies on calculating the ion momentum spectrum

of an atomic system ionised by a circularly polarised laser pulse. The momentum,

p, of the ion is related to the intensity of the incident laser pulse I by I = (pω)2

where ω is the frequency of the light. The ionisation rate W (I) is related to the

peak intensity of the light by

W (I) =
dN

dp2
1

ω2ngρF (I)
, (4.12)

where dN/dp2 is the ion momentum spectrum, ng is the gas target density, ρ is

the detector efficiency and F (I) is the total change in the effective interaction

volume due to laser intensity changes in the interaction region. By measuring

the ion momentum spectrum of a circularly polarised pulse, and assuming that

W (I) is provided by an ADK-like ionisation rate such that

W (I) ∝ IC1e−C2/
√
I, (4.13)

the peak intensity of the laser pulse, I, can be calculated by using C1 and C2

as fitting parameters. These measurements are correlated to measurements on
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the power meter to generate a calibration factor k that fits the equation I = kP

where I is measured in W/cm2 and P is measured in mW. For these experiments,

k = 9.2± 4.9× 1012.

In order to compare the ion yield theories to experiment, the theoretical data

is scaled to fit the experimental data using a Matlab two-parameter spline fitting

procedure. A spline is used to provide an accurate functional form for the curve of

the theoretical data. The fitting procedure scales the ion yield and laser intensity

using the equation

y = A× spl theory (ηx) , (4.14)

where A is the ion yield scaling factor and η is the laser intensity scaling factor.

The process uses a least squares fitting procedure. This method has been used

in previous work to compare theoretical TOF data to experiment using atomic

hydrogen as the target to perform laser intensity calibration [51, 136].

A comparison of experimentally measured ion yields to ADK and TDSE the-

ory is shown in figure 4.13. Values for A and η are listed, as well as the reduced

χ2 value for the fits. The uncertainty from each data point is given by Poissonian

counting error. Uncertainties in the laser intensity calibration are accounted for

in the results with the scaling factor η [123].

Table 4.3: Fitting parameters for theory comparison to experimental data
Theory A η χ2

ADK 0.29 2.67 0.28
X.M. Tong TDSE 0.45 1.59 0.25

The reduced χ2 values of the fitting results are all < 1, which indicates that

the fitting model is not perfect, but it is reasonable. Possible sources of sys-

tematic error in experimental ion yield stem from detection inefficiencies with

the ion detector in the COLTRIMS and the possibility of ionisation in the laser

pre-pulse. The pre-pulse is a result of the mode-locking in the oscillator gener-

ating a non-perfect intensity envelope. This leads to small pre- and post-pulse

intensity envelopes. The experimental setup does not have equipment capable

of measuring the intensity of the prepulse, for example a SPIDER device [137].

Work done in chapter 5 indicates that the laser intensity of the pre-pulse for this

laser system is approximately 10% of the peak intensity. At the lowest laser in-

tensities this does not lead to any substantial ionisation events, as the theoretical

ionisation yield across all models approaches zero below 5 × 1011W/cm2. This

could not be tested experimentally as the lowest intensity measured was at the
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Figure 4.13: Comparison of experimental data with scaled theoretical ADK and
TDSE data. The theory is fit using the spline fitting described by equation 4.14,
and provides the following fitting coefficients for ADK theory: A = 0.29 and
η = 2.67. For this fit χ2 = 0.28. For the theoretical TDSE data fit, the fitting
coefficients are: A = 0.42 and η = 1.59. For this fit χ2 = 0.25. The inset
shows the ion yield of focally volume averaged ADK ion yield data compared to
the ionisation probability as defined by ADK for a given laser intensity. This is
shown to emphasize the two intensity regimes when applying ADK theory. Below
approximately 3×1013W/cm2, the ionisation probability as given by ADK theory
(and hence only for tunneling electrons) is below 0.8. In this regime, increasing the
laser intensity significantly increases the chance of ionisation probability. Above
this laser intensity, the probability of ionisation reaches unity, and increasing
the laser intensity increases the effective area in the interaction region where
ionisation can occur, by increasing the laser intensity at the edges of the physical
laser beam volume.
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limits of accuracy for the equipment. The limits in this case being accuracy in

the measurement of the beam power with the thermal power meter; lower beam

intensities started observing 50% deviations in power over an integration time

of two minutes. Anecdotally, no ionisation was observed in the intensity regime

of 1011W/cm2. At higher intensities this may cause inaccuracies in modelling,

although the expectation is that in the regime where the intensity is high enough

that the pre-pulse can cause ionisation, the ionisation probability is unity over

the majority of the laser pulse area, and hence any pre-pulse ionisation would

have a minimal impact on the modelled ion yield.

It should also be noted that there is an outlying data point below the curve at

6.38× 1013W/cm2. There are five data points at 6.38, 7.76, 7.79, 9.46 and 9.70×
1013W/cm2 that were taken by utilising two different experimental techniques to

set the laser intensity. The first utilises germanium plates at Brewster’s angle as a

linear polariser, then by adjusting a half-wave plate before the plates, the intensity

of the light is varied. The second method is used when the intensity is too low to

maintain the polarisation purity of the light, and involves locking the intensity

with the germanium waveplates, and using flip-in pellicle beamsplitters to reduce

the intensity further. Here, the polarisation purity refers to the expected yield

of correctly polarised photons to incorrectly polarised photons. This is typically

related to errors in the manufacturing process of the wave plates. The point

in question was measured using the first method, and it was determined that

the polarisation purity of the light emitted through the half-wave plate was not

maintained to an acceptable degree at this intensity, so this point is likely an

outlier caused by systematic error due to this issue [125].

Qualitatively, there is a pattern in the experimental data that emerges. This

is a change in regime from a sharply rising ion yield with intensity to a less steep,

almost linear increase. This is expected, as once the probability of ionisation has

reached unity at the centre of the beam, i.e. it has reached a point of ionisation

saturation, focal volume averaging effects at the edges of the pulse become the

reason for ionisation yield increase. This is observed in the theoretical modelled

curves. It is much more noticeable in the ADK theory curve, where only the

tunnel ionisation contribution to total ionisation yield is accounted for. The ioni-

sation rate drops off rapidly at intensities below 3×1013W/cm2, which correlates

to the intensity where the tunneling ionisation probability for a single atom as

predicted by ADK is approximately 0.8. In the TDSE theory, multiphoton ioni-
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sation and OBI electrons are accounted for and the drop in total ionisation rate

is not as severe as the ADK theory. This is shown in figure 4.13, where the TDSE

data more closely follows the experimental data.

Due to uncertainties in the atomic beam flux and the ion detection efficiency,

it is non-trivial to prepare the experimental ion yield for use as an absolute

measurement. This makes the ion yield scaling factor A non-ideal for comparison

purposes. However, the intensity scaling fit parameter η is directly proportional

to the laser intensity which can be measured to a confidence of ∼ 50% using

the method described earlier in this section. This technique is used with atomic

hydrogen to provide a calibration of laser intensity to an accuracy of 1% [51].

There is no complete solution of the TDSE for any atom other than hydrogen,

so this work cannot be used to provide laser intensity calibration to that degree.

However, if the modelling is a perfect match to the experimental system and

the laser is correctly calibrated, η = 1, and the more inaccurately the system is

modelled, the further from unity η becomes. As can be seen in table 4.3, the

scaling factor η is better for the TDSE solution than the ADK solution. This is

expected as a TDSE solution will account for the increase in ions generated due to

the OBI and multiphoton ionisation processes, thus providing a more complete

description of the system than the ADK solution which does not account for

OBI. This can be observed in figure 4.13, where at intensities less than 5 ×
1013W/cm2 the ADK solutions predict a lower ion yield than is observed. This

trend has been well documented in the literature for single target atoms, for

example in [118, 117]. However, in those works, the laser intensities used were too

low to cause OBI, indicating that multiphoton processes play a non-trivial role in

determining the total ionisation at low intensities, even for atoms with a relatively

normal ionisation potential (Ip ∼ 12 → 20eV). At intensities higher than 4 ×
1013W/cm2, the ADK theory fits the experimental data well as a result of the

saturation effect noted earlier. The probability of ionisation across a large volume

of the interaction region becomes unity for ADK theory at these intensities, which

matches the TDSE theory.

The results shown here indicate that that Ne∗, with its low Ip, does not re-

spond in a way that is typical of other target atoms in this intensity regime. This

has been attributed to the dominance of OBI as an ionisation process in this

regime when compared to tunnelling ionisation. This shows that blindly using

ADK to model strong-field ionisation processes is a poor decision, and that for
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targets with low Ip a more complete, and time intensive, TDSE solution based

model is preferable. This is important for several reasons. Firstly, it provides

more confirmation of well known flaws in the ADK theory [21], providing in-

creased impetus to move onto more accurate TDSE based models, which were

not in constant use due to high computational demands. Secondly, and as a fol-

low on from the first point, these results provide data with which to improve the

TDSE based solutions. These solutions are based on approximating a solution

for the TDSE for the valence electron under the effect of the laser field and the

atomic potential [120, 121]. The model potential is always approximated [21],

and the collection of this data can help improve those theoretical approximations

of the potential, which has flow on effects to other uses of that model potential,

i.e. in quantum computational chemistry. The final reason is that the useful non-

linear effects that arise from strong-field and matter interactions, such as higher

harmonic generation and single shot carrier-envelope phasemeters, all start with

the initial ionisation of the target. Predicting their effects relies on an accurate

description of that initial ionisation. By promoting and helping to increase the

accuracy of theory used to model the ionisation, it is possible to get more accurate

modelling for these useful effects and devices.

4.4.2 Ion yield as a function of fine magnetic substate

population

Figure 4.14 shows the results of rotating a pair of quarter-wave plates over a 180◦

angle and recording the ionisation yield. When the fast axes of the waveplates

align with the pass axis of the linear polariser, the pump light is linearly polarised,

and when the waveplate axes are at 45◦ to the pass axis of the linear polariser the

pump light is σ+ circularly polarised and the atoms are pumped into the mj = +2

(ms = 1) state as indicated in figure 4.9. Likewise, when the waveplate axes are

at 135◦ to the pass axis of the linear polariser, the pump light is σ− circularly

polarised and atoms are pumped into the mj = −2 (ms = 0) state. These

distinctions are marked on the figure. As shown in the theoretical modelling of

figure 4.10, when the apparatus is used in this method it is possible to scan from a

system which is dominated by the homogenous mj state ensemble, up to a system

that has its full population in either of the mj stretched states and back again.

In order to determine the experimental ellipticity of the pump polarisation, the

S0 and the S3 Stokes parameters for the pump beam were measured for each data
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Figure 4.14: Results for the ionisation of Ne∗ while altering the fast axis of the
quarter-wave plates with respect to the pass axis of the linear polariser as per
the experimental setup given in figure 3.6. The ion yield is the observed result as
recorded by the COLTRIMS. The laser intensity is 9.2± 4.5× 1013W/cm2 at the
ionisation region. The waveplate angles of circularly polarised light are indicated.

point using the classic method outlined in [62]. The normalised S3/S0 third Stokes

parameter is essentially a measure of ellipticity of the beam, with S3/S0 = −1

describing perfectly circular σ− polarised light, S3/S0 = 0 describing perfectly

linear polarised light and S3/S0 = +1 describing perfectly circular σ+ polarised

light. Values between these three specific points describe the degree of ellipticity,

with the higher values of |S3/S0| being more circular. The average maximum

absolute value for |S3/S0|max was measured to be 0.96± 0.02, i.e. the maximum

degree of circular polarisation is 96% in this experimental setup. Due to the broad

function of stretched mj population around the 45◦ and 135◦ points in figure 4.10,

it was concluded that the non-perfect circular polarisation had a negligible effect

on the mj population at the points. Instead, partial depolarisation of the atomic

ensemble due to the Earth’s magnetic field in the transit from pumping region to

ionisation region is considered to be the main cause of not having a completely

populated mj stretched state at the ionisation region.
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There are several observations to be made from the results displayed in figure

4.4.2. Firstly, there is definitely some ionisation yield dependence on the initial

mj state of the system, and hence the spin state of the valence electron. Secondly,

that there is a 15.3±4.6% modulation between an atomic beam that was prepared

in a fully stretched mj = ±2 state or when prepared in a mixed ensemble of states.

Finally, there is a slight asymmetry in the ion yield between atoms prepared in

the different stretched mj states. These results are remarkable, and the physical

mechanism for the cause is unknown. It is speculated that the magnetic field

of the ionising laser beam may spin-flip the Ne∗ atoms back into the ground

state, increasing Ip for the target atoms such that they are unable to be ionised.

However, this spin-flip may be blocked depending on the spin of the valence

electron, i.e. if there is a vacancy for a spin up electron in the 2p shell, but the

3s electron is spin down, the spin flip will not occur. This mechanism was not

confirmed or refuted as we were unable to obtain theoretical results based on the

proposed mechanism, and as such, these results stand as a challenge to theory.

These results indicate a definite modulation of the ion yield of Ne∗ with re-

spect to the initial mj state of the atoms. The physical mechanism which causes

this is unclear. The lack of theory to describe these results is troubling, but not

unexpected, as to the best of my knowledge this is the first time an experiment

observing the ionisation yield as a function of spin-polarisation of the atomic

target has been performed. I believe this is due to the difficulty in preparing

an experimental apparatus with which to do this. These results therefore chal-

lenge the accepted process for ionisation modelling, which in typical TDSE based

solutions (for example [22, 25, 120]) involves averaging the electron spin. Deter-

mining the exact mechanism for this process and how to model it will improve the

understanding of the ionising system, the potential positive outcomes for which

have been described in section 4.4.1.

4.5 Chapter summary

This chapter described an experiment to observe the ionisation yield of Ne∗ as

a function of both intensity and mj state population. These are the first results

using Ne∗ as a target. The ionisation yield of metastable neon as a function

of intensity was measured, and compared to ADK theory and a TDSE based

approach. These intensity results add to a field of data for noble gas atoms, for
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example see results in [115, 117, 118]. However, by being the first to examine a

metastable atom in this regard this work increases the availability of experimental

data into a regime which has not been examined before. By attempting to match

the results obtained to theoretical models describing the observations, it was

shown that ADK theory does not describe the ionisation of Ne∗ at lower laser

intensities. Application of a TDSE calculation for ionisation yield provided by a

collaborator provided a much more accurate ion yield response to laser intensity.

This was quantitatively shown by comparing the fitting parameters for ADK

theory approach, η = 2.67, to the TDSE theory approach, η = 1.59. This was

attributed to the inability of ADK theory to describe both multiphoton ionisation

and OBI, processes that are both prominent at lower laser intensities for a target

with a low Ip, and which are both described in the TDSE theory.

The mj results are, to the best of my knowledge, the first attempt at any

measurement of the effect of the valence electron spin state on the ionisation

process. This was an interesting experiment to perform as with proper analysis

it may be possible to identify some effects on the ionisation process that have

not been considered. A 15.3 ± 4.6% modulation in ion yield was observed as a

function of mj state population. The mechanism that causes this is unknown,

however it is hypothesised that it may be a result of a dependence on the spin of

the valence electron in spin flips caused by the magnetic field of the laser pulse.

This hypothesis remains untested, and the results currently stand as a challenge

to theory. Both the intensity and ionisation results could provide feedback for

an improved TDSE model incorporating a more accurate representation of the

expected electron states, which has implications for all applications of the model

potentials and wavefunctions used in that model as described in chapter 1. The

intensity results provides data to support that the ADK model should not be

utilised for modelling ionisation yield in a general strong-field ionisation situation.





Chapter 5

Experimentally determining the

ionisation regime

In this work the transverse electron momentum distribution (TEMD) from Ne∗

and Ar parent atoms is examined, for ionising laser light of varying ellipticities.

The TEMD is a measure of the momentum of ejected electrons from an ioni-

sation event in the plane perpendicular to the plane of the polarisation vector

of the ionising radiation, and will be defined in greater detail in this chapter.

This is done to examine the validity of the strong field approximation (SFA), an

approximation that is applied to the semiclassical ADK theory as discussed in

chapter 1. This approach makes the assumption that as the electron is tunnelling

out of the atomic potential well, its escape trajectory begins outside the potential

and is therefore classically forbidden. However, an electron removed by the OBI

process has an escape electron trajectory that is completely classical and begins

from inside the atomic potential. The TEMD contains information regarding

the initial trajectories of the free electrons, which is partly defined by the initial

electron position, hence why it is a useful measurement to make. In particular,

determining whether an electron trajectory originated from the edge or centre

of the atomic potential imparts information about the method of ionisation. In

this case OBI electrons originate from the centre of the potential, and tunnelling

electrons originate from the edge of the potential. This is a useful tool for ex-

perimentalists to have as it provides insight to assist in improving modelling of

the system. It can be shown that the TEMD contains information regarding the

strength of the Coulomb interaction between the free electron and the ionic core.

In cases where it is determined that OBI is the primary ionisation process, it can

be shown that there is a relatively strong Coulomb attraction between the free

electron and the ionic core in the transverse plane, raising questions regarding

the validity of the SFA in the regime of OBI interaction. The Coulomb attraction

93
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is observed to be weaker for cases of tunnel ionisation. Knowing whether or not

the SFA is valid in any given intensity regime, i.e. whether or not OBI or tunnel

ionisation is the main ionisation process, therefore imparts a lot of information

about the electron dynamics in the ionising system.

Knowledge of the electron trajectory after ionisation provides knowledge of

the electron dynamics and final Volkov wavefunction of the released electron.

With correct application of TDSE theory, knowledge of the Volkov wavefunction

can be used to improve approximations of the valence electron wavefunction pre-

ionisation. Additionally, knowledge of the electron velocity distribution (which

is related to the initial trajectory) post-ionisation is used in various models of

strong-field ionisation effects such as HHG and non-sequential double ionisation.

Experimentally however, the electron energy spectra and angular distributions

for both tunnelling and OBI electrons are quite similar, despite the ionisation

processes having physically different mechanisms. This makes it difficult to de-

termine using traditional tools the ionisation regime. However, it will be shown

later in this chapter that the expected TEMD for a system where the SFA holds

evolves differently as a function of degree of circular polarisation of the ionising

light when compared to a system where the SFA does not hold. This chapter

will use TEMD observations of two targets (Ne∗ and Ar) in separate regimes to

determine the limits of the validity to the SFA for modelling, and thus provide

an experimental method of differentiating between the OBI and tunnel ionisation

regimes. Two different atomic species are used to demonstrate the universality of

this method of characterising ionisation regime. In turn, this knowledge could be

applied to other systems or used to improve strong-field modelling as described

above.

5.1 Observing OBI

The work in this chapter examines ionisation effects in two different ionisation

regimes; tunnel ionisation and OBI. The experiment was guided by the theoretical

work of I. A. Ivanov [72] and it is demonstrated that the transverse momentum

profile of ionised electrons created through the strong-field interaction evolve in

a quantitatively different manner between tunnel ionisation and OBI when the

ellipticity parameter describing the polarisation state of the ionising radiation

increases. As discussed in chapter 4, ADK theory does not completely describe
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the strong-field ionisation rate of Ne∗, particularly at lower laser intensities (<

1013W/cm2). It was stated that this is a result of the ADK theory only considering

tunnelling ionisation and not being capable of modelling OBI or multiphoton

ionisation effects.

Recall from chapter 1 that the measure of what regime photoionization occurs

is given by the Keldysh parameter γ. For values γ > 1 the regime is multiphoton

ionisation, and for γ < 1 the regime is tunnelling ionisation. In the OBI case, for

linearly polarised laser pulses, equation 1.9 allows the determination of whether

the peak intensity of the laser pulse is enough to completely suppress the atomic

potential of the valence electron to create the situation where OBI can occur.

This is modelled as a classical interaction, and as such the Keldysh parameter

is not a useful indicator for the ionisation process, the reason for which shall

be discussed below. For Ne∗, Ip = 5.1eV, which equates to an OBI intensity of

2.7 × 1012W/cm2. This is compared to Ar: Ip = 15.8eV with a corresponding

OBI intensity of 2.5 × 1014W/cm2. In the case of circularly polarised light the

electric field required to reach OBI is

Ebs ≥
I2p
2
, (5.1)

and hence requires double the OBI cutoff intensity [16]. Comparison of the two

OBI cutoff intensity values above indicate an that Ar requires an ionising laser

intensity two orders of magnitude higher than Ne∗ to perform OBI.

ADK theory is a generalisation of work performed initially by Keldysh [11].

The reason that ADK is invalid when considering OBI is that in the work done

by Keldysh, a saddle-point method is used to solve the evolution of the bound

electron wavefunction to the Volkov wavefunction. This is a valid method if the

electron trajectory can only be considered non-classically, which is the case for

tunnelling ionisation as the electron trajectory must pass through the classically

forbidden potential well to escape the atomic potential. It is not valid if the

electron has a classical escape trajectory, as in the case of OBI, where the elec-

tron can pass over the suppressed potential barrier to escape. Some of the first

attempts to overcome this problem were performed by Faisal [138], who used the

T-matrix method to evaluate the evolution of the wavepacket, and by Reiss [139],

who examined the system in a different gauge to Keldysh and then used the S-

matrix method to evaluate the wavepacket evolution. Both of these methods are

applicable in the case where the electron has a classical escape trajectory.
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Despite the different physical processes between OBI and tunnelling, the elec-

tron yield, electron energy spectra and electron angular distribution for ionisation

are similar [140]. The similarities between angular distribution and energy is due

to the fact that electron velocity is strongly affected by being classically driven

in the ionising laser field. There are slight differences due to the change in the

initial starting location of the electron wavepacket and associated Coulomb force

with the ionic core. V.P. Krainov demonstrated that electron energy and angular

distribution spectra for CC-ADK do indeed reduce to their equivalent spectra

predicted for base ADK in the limit where the laser intensity is less than the

intensity required to reach OBI [20]. In particular, the differences in ion yield

(and hence electron yield) between theories that consider OBI and tunnelling

ionisation have been considered and discussed in chapter 4. These similarities

make it difficult to determine experimentally the degree to which either process,

i.e. OBI or tunnelling ionisation, dominates.

This work compares the TEMD of Ar and Ne∗ and this work investigates how

the TEMD evolves as a function of the ellipicity of the ionising laser pulse, as well

as the role that the ionisation regime plays in this evolution. As Ne∗ has a low

Ibs = 2.7 × 1012W/cm2, the experimental apparatus can reach the OBI regime

for Ne∗ while remaining clearly out of the OBI regime for Ar. This comparison

will provide important insights into the validity of the strong field approximation

used in approaches based on the Keldysh method or solutions to the TDSE in

order to calculate strong field ionisation in both the tunnelling ionisation and

OBI regimes.

For instance, a TEMD of electrons ejected during the ionisation of a hydrogen-

like atomic system by strong-field radiation can be determined by applying the

strong field approximation to solve the TDSE of that system. For elliptically

polarised light the distribution is Gaussian and given by [141],

W (p⊥) ∝ exp

[
−
√

2Ip
√

1 + ε2

E
p2⊥

]
(5.2)

Where ε is an ellipticity parameter which ranges from 0-1 with 0 describing a

linearly polarised wave, 1 describing a fully circularly polarised wave, and any

other value describing the degree of elliptically polarised light. One issue with

using the SFA to find a solution for the TDSE is that it ignores the Coulomb

forces between the free electron and the parent ion. This ignored interaction plays
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a role in the experimentally observed electron momentum distributions, as shown

in the work of Rudenko et al. [142], where TEMD measurements were made for

Ne, Ar and He in the tunnelling ionisation regime using linearly polarised light.

The results observed by Rudenko and coworkers resulted in a cusp-like TEMD,

and not a Gaussian as given by equation 5.2. The cusp-like distribution was

attributed to Coulomb focussing as a result of the ionised electron interacting

with the parent ion.

The Coulomb interaction in the plane transverse to the polarisation axis man-

ifests itself as a form of electron focussing as the electric field of the laser pulse

drives the electron past the atom. In this situation, despite the large momentum

parallel to the polarisation axis imparted to the electron as it is being driven

by the electric field, its transverse momentum is also affected by the electron’s

initial escape momentum and the Coulomb focussing force that pulls the electron

towards the same transverse velocity vector as the parent ion. This concept is

demonstrated in figure 5.1.

It is shown below that the evolution of the TEMD as the degree of circular

polarisation of the ionising light does have different characteristics depending

upon the ionisation regime, which allows one to clearly determine the ionisation

regime in an experimental environment, and by extension, the validity of the

strong field approximation in different ionisation regimes.

5.2 Transverse electron momentum distribution

theory

This section considers the transverse electron momentum distribution (TEMD),

that is, a distribution that gives the probability of a free electron ejected from an

ionisation event with a given momentum, ~p⊥, that is perpendicular to the plane

of polarisation of the ionising radiation, as a method to determine the ionisation

regime. A diagram of the interaction region with directions of interest is shown

in figure 5.2.

The theoretical distributions were calculated by I. A. Ivanov and A. S. Kheifets

using an iterative matrix method [71, 72] to solve the time dependent Schrödinger

equation of the form

i∂Ψ (r)

∂t
=
(
Ĥatom + Ĥint (t)

)
Ψ (r) , (5.3)
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Figure 5.1: Coulomb focussing in the transverse direction. The top section defines
the axes, with the Poynting vector of the laser pulse travelling in the y direction,
and the electric field oscillating in the x direction. (a) shows an electron released
from its parent ion. In this case there is a small component of initial transverse
momentum imparted by the ionisation process, however the large majority of
the total electron momentum is in the parallel direction due to the electron being
driven by the electric field. After a period of time (b) occurs as the reversal of the
electric field drives the electron back past the ion. The attractive Coulomb force
in the transverse direction draws the electron towards the ionic core, imparting
momentum in the transverse direction. The interaction is symmetric with regards
to the electric field of the light and hence leads to the focussing effect. While
the exact effects of the Coulomb force vary on a pulse by pulse basis, on average
there is a loss of transverse momentum as the electron is attracted to the ionic
core.
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Figure 5.2: A definition of ~ptrans ≡ ~p⊥ in the ionisation region. The laser pulse is
travelling along the y direction, and as the electric field is oscillating along the x
direction, the plane of polarisation is the x-y plane. ~p‖ is in the x direction and
the major contribution is the electric field of the laser pulse. The direction of ~p⊥
is in the z direction.

where Ĥint is the interaction Hamiltonian of the laser field and the atom. This

work is performed in the velocity gauge and the velocity form of this Hamiltonian

is given by

Ĥint (t) = A (t) · p̂, (5.4)

where p̂ is the momentum operator of the atom, with the vector potential of the

laser field given by

A (t) = −
∫ t

0

E (τ) dτ, (5.5)

where τ is propagation time of the laser pulse. The model potentials for Ĥatom for

the Ne∗ and Ar atoms are effective one-electron potentials [143]. The laser pulse is

modelled as a carrier wave inside a pulse envelope function. The electromagnetic

propagation of the pulse is assumed to be along the z-axis and is elliptically

polarised with an ellipticity parameter ε. The components of the electric field
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vector of the wave are given by

Ex =
E√

1 + ε2
f (t) cosωt, (5.6)

and

Ey =
Eε√
1 + ε2

f (t) sinωt, (5.7)

where E is the peak electric field magnitude of the laser field in atomic units.

The pulse envelope is represented by the function

f (t) = sin2

(
πt

T1

)
, (5.8)

where T1 is the total pulse duration.

The TDSE was solved by I. A. Ivanov in collaboration as per his work as

described in references [59, 71, 144]. For completeness a brief description is pro-

vided here. Initially the interaction region is defined radially on a spatial grid of

a boxsize Rmax = 400 a.u. with the grid points separated by δr = 0.1 a.u. The

solution is given as a series of partial waves defined at each point on the grid

with the functions flµ (r, t). These functions are computed when solving. The

functional form of the sum of functions is given by

Ψ (r, t) =
Lmax∑

l=0

l∑

µ=−l

flµ (r, t)Ylµ (θ, φ) . (5.9)

Here Lmax is the maximum orbital angular momentum state that the computa-

tion will run to, and Ylµ are Laplace’s spherical harmonics. In this sense Lmax is

essentially a convergence parameter, chosen as a compromise between accuracy

and computation time. Solving the TDSE in this manner will give information

on the evolving system, but this work is interested in the TEMD. Therefore, the

probability of finding an electron with a given momentum in the transverse direc-

tion, W (p⊥), must be determined. In this case p⊥ ≡ pz. This can be performed

by taking the ionisation amplitudes of the final electron wavefunction as a func-

tion of total momentum over a 4π solid angle and projecting that information

onto the pz plane, which is given by

W (p⊥) =

∫
|a (p) |2dpxdpy, (5.10)

where a (p) are the ionisation amplitudes of the system. These can be obtained by
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projecting the propagated TDSE solution onto the set of the ingoing scattering

states Ψ−p (r) of the parent atom [72]. This method of solving the TDSE has

been used to calculate observable parameters for the case of OBI ionisation in Li

[145] and the convergence of equation 5.9 with respect to δr, Lmax and Rmax was

checked to ensure the validity of this approach.

5.3 Experimental methods

The experimental setup used for measuring the TEMD of Ne∗ is the same as given

in chapters 2 and 3, with no modifications. Figure 3.11 shows a schematic for the

optics for the ionising beam. The germanium plates at Brewster’s angle linearly

polarise the light, and the quarter-wave plate before the COLTRIMS allows the

ellipticity of the ionising laser pulse to be adjusted. The COLTRIMS device is

used in electron detection mode. The glass wedges are used to alter the GDD of

the pulse such that it is measured with a pickoff into an autocorrelator to have a

pulse length of 6.0± 0.2fs.

In order to measure the TEMD for Ne∗, the following procedure was used.

The ion yield of the Ne beam was measured with the discharge on and off and

the two results were subtracted to give the ion yield from Ne∗ parent atoms. The

intensity of the ionising laser pulse was adjusted until it was low enough that only

Ne+ ions that were observed in the discharge on beam. This indicates that the

only source of ionisation in the interaction region stems from Ne∗ parent ions, as

the peak laser intensity is too low to ionise ground state Ne ions. This intensity

was measured to be 2.0 ± 1.0 × 1014W/cm2. At this intensity the contribution

of Ne+ from ground state Ne is negligible, as elaborated in section 5.4 and figure

5.5. Following this, the ion detector was disengaged and not used again for the

rest of the experiment. At this point, the ellipticity of the polarisation of the

ionising radiation was set to ε = 0 using the quarter waveplate outlined in figure

3.11. The COLTRIMS was configured to measure the ion signal from 1.8 × 106

pulses and the data was stored. This experiment was performed two more times,

with the only difference being the ellipticity parameter, which was set to values

of ε = 0.42 and 1.

The collection of COLTRIMS data was discussed in section 2.3.2. Since

only the transverse electron momentum is required for these experiments, the

COLTRIMS software is set to record the pz of each electron and integrate the
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total result over all the pulses in the run. This is collected from the delay line

detectors as electron yield information cross-referenced to the measured pz and

py with a resolution of 0.01 a.u. The information is projected onto a pure pz

axis then binned in pz over momentum steps of 0.04 a.u. to provide raw data for

analysis. This momentum value is chosen to provide acceptable resolution of the

TEMD.

The COLTRIMS is equipped with a second inlet flange that is mounted an-

tiparallel and directly opposite to the flange used to mount the Ne∗ source. This

provides the device with the capability to use different atomic or molecular tar-

gets. This flange is used to mount an Ar gas jet source for determining the TEMD

results for Ar. The Ar enters the COLTRIMS chamber from a cold atom gas jet

source. The Ar atomic beam has a velocity of approximately 500m.s−1 and a

beam diameter of approximately 250µm. Beam flux is adjusted using mechanical

slits mounted on PZT drivers to limit the rate of ionisation to one event per laser

shot. For more details on the source see [55]. As ground state Ar is used, it is

not necessary to find a laser intensity that will filter out ground state results in

favour of the metastable state results, however the intensity must be high enough

to overcome the 15.7eV ionisation potential of Ar. The intensity at which this

experiment is performed is 4.8± 2.4× 1014W/cm2.

5.4 Results and discussion

Figures 5.3 and 5.4 show a comparison of the experimental results for the TEMD

to the theoretical predictions provided by A. S. Kheifets and I. A. Ivanov. Mea-

surement errors are due to Poissonian counting statistics. Examination of the

Ar results display a clear change in the distribution around the p⊥ = 0 a.u. as

a function of ε. At ε = 0, where the ionising radiation is completely linearly

polarised, the distribution peaks sharply, following a cusp-like structure based

around p⊥ = 0 a.u. This demonstrates a breakdown of the strong field approx-

imation (SFA) since the distribution is clearly cusp like and not Gaussian as

predicted by the SFA. This is consistent with the Coulomb focussing mechanism

and demonstrates a significant interaction of the ionised electron with the parent

ion. As the polarisation of the ionising radiation becomes more circular, the peak

of the distribution flattens and becomes more Gaussian. This indicates a stronger

predisposition towards generating electrons with non-zero transverse momenta if



5.4. RESULTS AND DISCUSSION 103

 0

 10

 20

 30

 0.75 0.5 0.25 0-0.25-0.5-0.75

TE
M

D
 1

03  W
(p
⊥
)

 

TDSE
Exp

 0

 5

 10

 15

 0.75 0.5 0.25 0-0.25-0.5-0.75

TE
M

D
 1

0
3  W

(p
⊥)

 

 0

 0.2

 0.4

 0.6

 0.75 0.5 0.25 0-0.25-0.5-0.75

TE
M

D
 1

0
3  W

(p
⊥
)

 Momentum p ⊥ (a.u.)

(a)

(c)

(b)

=0

=0.42

=1

Figure 5.3: TEMD of Ar for varying ellipticity parameters. In fig. 5.3(a), ε = 0.
In fig. 5.3(b), ε = 0.42. In fig. 5.3(c), ε = 1. The peak laser intensity is
measured to be 4.8 ± 2.4 × 1014W/cm2. Theoretical data is shown as the red
curve, experimental data is plotted.
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curve, experimental data is plotted.
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the laser is circularly polarised compared to when it is linearly polarised. This

is in comparison to the Ne∗ results, in which the cusp-like distribution remains

notable for all values of ε. It should be noted that for both atomic species, the

fit between theory and experiment degrades as the polarisation becomes more

circular. This is likely a result of discrepancies between the electric field strength

of the laser pulse used for theoretical modelling of the TEMD and the actual field

strength in the interaction region, which may vary with position. As the electric

field strength is modelled into the calculation of the TDSE it is not a simple task

to take the collaborated theoretical data and use the results to use the electric

field strength as a free fitting parameter. Volume effects, i.e. the effects of ionisa-

tion of an atom at the centre of the laser pulse would have compared to ionisation

at the edges of the pulse, are not modelled here. One would expect, due to the

assumption made in the COLTRIMS software that the ionisation interaction oc-

curs from a point source, that there would be a small discrepancy in calculated

TEMD and the observed TEMD. This is clearly a minimal effect, and despite the

lack of modelling of the volume effects it is still clear that there is a change of

electron momentum distributions, which suitably proves that the TEMD changes

depending upon the ionisation regime.

It should be noted that when considering a particle with a low ionisation en-

ergy such as Ne∗, that there are pre-pulse mechanisms to consider, as discussed in

section 4.4.1. The results offer an interesting insight into providing an estimate

of the pre-pulse intensity without requiring dedicated pulse measurement appa-

ratus. To experimentally ascertain this, the ion yield was plotted as a function

of the total (not transverse) electron momentum. The momentum of an ejected

electron is dependent upon the electric field used in the ionisation process such

that [10]

~p(t) = − ~A(t), (5.11)

where ~A(t) is the vector potential defined as

~A(t) =

∫ ∞

t

~E(t′)dt′. (5.12)

Applying this to a system modelled utilising the same electric field used for mod-

elling ionisation yield as described in chapter 4 and applying a peak intensity of

2.7 × 1012W/cm2, there should be a cutoff total electron momentum such that
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Figure 5.5: A plot of electron yield as a function total electron momentum pr.
The blue line indicates the cutoff momentum above which the ionised electrons
could have only undergone OBI according to equation 5.1

electrons with a momentum lower than the cutoff are ionised by a field strength

that is insufficient to perform OBI. Assuming that the ionising beam is circularly

polarised, this value is 0.19 atomic units. For a linearly polarised beam the value

is 0.09 units. Figure 5.5 shows the results from Ne∗ interacting with circularly

polarised light, and integration of the plot indicates that 9.7% of electrons were

ionised by an electric field below the OBI threshold. By comparing these results

to the experimentally obtained ion yield data in section 4.4.1, it can be deter-

mined that for an initial measured intensity of 2×1014W/cm2, the intensity with

a corresponding 9.7% ion yield is 1.4± 0.1× 1013W/cm2, which corresponds to a

pre-pulse that has a peak intensity of 7± 0.5% the main pulse.

These results indicate that < 10% of the total TEMD signal could be due

to pre-pulses in the laser pulse envelope. This will not affect the results in a

significant manner, but may act to broaden the wings of the Ne∗ TEMD profile

for circularly polarised light which will be elaborated below.

The profile of the TEMD gives an indication if Coulomb focussing effects are

present. In order to quantify if there is a change of momentum distribution, the
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function V (p⊥) = lnW (p⊥) is defined around the peaks of the distribution. The

conversion to the natural logarithm assists in fitting the function to the distribu-

tion. If the form of the distribution around p⊥ = 0 is considered, it is clear that in

the case of the cusp-like distribution the function is continuous, but it is possible

that dV (p⊥)
dp⊥

may have infinite solutions, in contrast to the case of a Gaussian-like

distribution, which lacks a sharp disjunction between concave up and concave

down around the same point. These considerations should apply to V (p⊥) as

well, which provides a method to determine how cusp-like the distribution is: if

derivatives around p⊥ = 0 are infinite, the distribution can be quantitatively con-

sidered cusp-like. The first two terms of an expansion of V (p⊥) around a single

point can be written as [71]

V (p⊥) = B + A|pα⊥|, (5.13)

where B and A are expansion coefficients. The accuracy of this expansion for

suitably small values around p⊥ = 0 has been demonstrated in [71]. For this work,

the momentum range that is examined is |p⊥|≤ 0.25. Of the fitting coefficients,

α is the most relevant to determining the shape of the distribution. This can be

shown by considering the case of a perfectly Gaussian like distribution. In this

case, W (p⊥) ∝ exp (−p2⊥/σ2). By now considering the definition for V (p⊥), it

is clear to see that this can only be the case where α = 2, and hence it would

be expected that as the TEMD becomes more Gaussian, α → 2. Under the

assumption that the distribution is Gaussian, the Gaussian width is given by

σ = 1/
√
−A [72].

By fitting equation 5.13 to both the experimental and theoretical Ar and

Ne∗ data at varying polarisation ellipticities, values for α are obtained. The

results are given in figure 5.6. It is observed that in the case of Ar there is a

gradual increase of α towards a value of 2 as the ionising radiation becomes more

circularly polarised, mirroring the qualitatively observed flattening of the TEMD

from a cusp-like to a Gaussian distribution as shown in figure 5.3. The data for

Ne∗ from figure 5.6 shows very little variation in α as the polarising beam becomes

more circularly polarised, which again mirrors the observed results in figure 5.4,

where regardless of the value of ε, the TEMD retains its cusp-like structure.

It is now worth considering the difference in ionisation processes that cause the

gradual change in TEMD structure when dealing with Ar. The results that have

been observed in Ar are similar to those observed in 25fs pulse length experiments
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with ground state Ne, Ar and He [142] and theoretical work with atomic hydrogen

[71]. The tunnelling ionisation process can be considered to be the absorption of

large numbers of non-resonant photons [72]. With this in mind, the appearance

of the cusp-like TEMD when ε → 0 can be explained simply. The absorption

of photons with no circular polarisation component during the ionisation process

will provide no increase to the angular momentum quantum number of the sys-

tem, `. As this value determines the initial momentum of the electron upon the

completion of the tunnelling process, there will be very little initial angular mo-

mentum imparted in the transverse direction, causing the electron momentum to

be largely determined by Coulomb focussing effects, which places a large portion

of the distribution around p⊥ = 0. This provides evidence for the failure of the

SFA for linearly polarised light in the tunnelling regime. Conversely, in the case

of circularly polarised light, the absorption of every photon during the ionisation

process will increase ` by 1, giving the system a large effective ` value by the time

the process is complete. This in turn creates a large initial angular momentum in

the transverse direction, which spreads the observed transverse momenta for the

electrons, effectively suppressing the effect of the Coulomb focussing. This effect

is the so-called centrifugal barrier discussed in [71, 72]. As the effects of Coulomb

focussing are suppressed, equation 5.2 becomes valid in this regime, explaining

the good fit in the case of circularly polarised light.

The TEMD evolution for Ar as a function of ε can therefore be explained

as the interplay between Coulomb focussing and the effects of the centrifugal

barrier. The TEMD evolution over ε for Ne∗ clearly cannot be explained in this

fashion. This is due to the fact that this interaction occurs well within the OBI

regime. This assumption can be justified by considering the process of OBI in the

context of non-resonant photon absorption as described for the tunnelling case.

However, with OBI, the atomic potential is suppressed to such a point that there

is an unimpeded overlap of the continuum wavefunction and the bound electron

wavefunction. This can be considered as a zero energy barrier that the electron

has to overcome in order to be promoted to the continuum, and as such, the atom

does not have to absorb as many photons to escape. With less photon absorption,

there is less excitation of the atom into higher ` states during the process, and

the ability of the circularly polarised light to suppress the Coulomb focussing

effects is in turn suppressed. In addition, the electron’s classical position upon

ionisation is immediately on top of the ion core, which increases the effectiveness
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of Coulomb focussing, as opposed to the case of tunnelling ionisation, where

the classical electron position upon ionisation is at the end of the tunnel. This

results in a cusp-like structure as Coulomb focussing remains the relevant process

for determining the transverse momentum of the ionised electron at all incident

polarisation ellipticities. A comparison of the distribution of the squared norms

(N` = |Ψ`|2) of the momentum distribution between Ne∗ and Ar is shown in

figure 5.7, where it is clear that this trend is observed, given that Ar is ionised in

the tunnelling regime and Ne∗ is ionised in the OBI regime. The non-negligible

effects of Coulomb focussing in the OBI regime for both linearly and circularly

polarised ionising radiation indicate that the SFA is not a valid approximation

for modelling the ionisation in this regime.

5.5 Chapter summary

To conclude, the TEMD was used to examine the validity of the SFA in an ionisa-

tion regime where OBI is the dominant ionisation process. Knowledge regarding

the correct regime to apply the SFA is vital to refine the modelling of the appli-

cations of strong-field ionisation, such as HHG and single-shot phasemeters. The

experimental examination was performed by examining the shape of TEMD as

the polarisation of the ionising laser pulse was changed from linear to circular,

for two systems that were strongly within differing ionisation regimes. A quanti-

tative examination of equation 5.13 and the parameter α provides a quantifiable

metric to determine whether the TEMD is cusp-like or Gaussian in nature. If

α→ 2, then the TEMD is Gaussian, and if α→ 1.3 the TEMD is cusp-like. By

examining the results as a function of the ellipticity of the ionising light, ε, it

can be shown that in the tunnelling regime, the TEMD changes from cusp-like to

Gaussian as ε increases from 0 to 1. In the OBI regime, the TEMD doesn’t change

from cusp-like across the same change in ε. The physical meaning of these results

was explained by considering the effect that suppressing the Coulomb barrier of

an atom has on the TEMD for strong field ionisation. It was shown that Coulomb

focussing exists in the OBI regime, which raises doubts about the validity using

the SFA in calculations regarding strong field ionisation in the OBI regime. This

indicates that the ionisation regime must be taken into account when attempting

to infer information on atomic orbitals of the target when using TEMD results.

On a final note the measurement of the TEMD that were carried out in this
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(bottom), with ε = 1. The laser intensity is 4.2 × 1014W/cm2 for Ar ionisation,
which is in the tunnelling regime. The laser intensity is 2.0×1014W/cm2 for Ne∗,
which is in the OBI regime. The results indicate that with circularly polarised
light, Ar atoms are shifted to higher values of ` and hence have higher orbital
angular momentum impacted to the ionised electrons when compared to Ne∗

atoms, which are shifted to lower values of `
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work should have the same behaviour for any atomic or molecular species. This

was theoretically explained and experimentally confirmed by using two different

target atomic species. This being the case one can use the measurement of the

TEMD profile as an experimental method to determine if the experimental regime

is tunnel ionisation or OBI; a very important result to experimentalists as a tool

with which to confirm the ionisation regime.



Chapter 6

Conclusions

This thesis outlined the construction of a system designed to observe the ion-

isation of metastable neon atoms via strong-field, few cycle laser pulses. This

system was used to examine two different aspects of the ionisation, namely the

total ionisation rate and the transverse electron momentum distribution of ionised

electrons. The results presented are the first experiments that have involved the

strong-field ionisation of neon atoms in metastable electronic states with few cycle

laser fields.

Measured ionisation yields of metastable neon were compared to different

theories for ionisation of atoms in high-field laser pulses, with ADK and an im-

plementation of TDSE based theory being compared. In order to correctly model

the ionisation yield, the theoretical data was applied to a focal volume averaged

model of the interaction region. It was determined that the TDSE theory pro-

vided better fit than the ADK theory by comparing valid fit parameters. The

fits showed that TDSE has η = 1.59, compared to ADK with η = 2.67, where

η = 1 is a perfect match of theory to experiment. Therefore it was determined

that the TDSE provided a more accurate description of the ionisation process.

This is due to the TDSE ion yield arising from a combination of multiphoton,

tunnelling and OB ionisation mechanisms, whereas the ADK ion yield only arises

from the tunnelling ionisation mechanism. These results add to a large pool of

similar data in the literature, but provide the first set of this data for a metastable

noble gas. This extends to pool of available data into a regime that has not been

explored before, which may be used by to improve the accuracy of TDSE models.

The experimental apparatus was then used to examine the ionisation yield of

metastable neon atoms that had been optically prepared into specific fine states.

It was observed that for atomic ensembles ionised by a 6.3±0.2fs laser pulse with

a peak intensity of 9.2 ± 4.5 × 1013W/cm2 there is a modulation of 15.3 ± 4.6%

113
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in the ion yield depending on whether the spin state of the atomic beam is pure

or mixed the spin state. The reason for this modulation is unknown. This data

provides a challenge to theory, the solution of which will improve the understand-

ing of the strong field ionisation process, and by extension, electron dynamics in

atomic systems.

An investigation into the transverse electron momentum distribution of Ar

and Ne∗ was performed. Using these two species it was determined that the

ionisation regime, i.e. whether the atom was undergoing tunnelling ionisation or

OBI, affected the observed TEMD. It was determined that there was a break-

down in the strong field approximation in the tunnelling regime when ionisation

occurred using linear polarised light, as demonstrated by the cusp-like TEMD

for Ar. This was qualitatively related to Coulomb focussing effects, which are

ignored in the strong field approximation. The Gaussian TEMD observed for

elliptically polarised light in the tunnelling regime was quantitatively predicted

by a solution of the TDSE that utilised the strong field approximation. When

Ne∗ was used as the target it was observed that the Gaussian shaped TEMD that

exists for circularly polarised strong-field ionising light in the tunnelling regime

does not exist in the OBI regime, instead giving way to the cusp-like distribu-

tion observed for linearly polarised ionising laser pulses. This is attributed to

the enhanced effect of Coulomb focussing in the OBI regime where the classical

ejection trajectory subjects the escaping electron to the atomic potential for a

longer time period. This implies that the Keldysh approach, and by extension

the strong field approximation, is not valid for determining the TEMD in the

OBI regime. These differences can be used to experimentally infer which strong

field ionisation regime of any particular ionisation event occurs in.

6.1 Future work

The COLTRIMS is an advanced detection device capable of measuring electron

and ion yields as well as momentum and kinetic energies in three dimensions. It

is also capable of correlation ion and electron detection events to give a picture of

the kinetics at the time of ionisation. This gives a number of possibilities for basic

measurements that have not been performed on Ne∗ such as measuring parallel

electron momentum distributions and obtaining electron kinetic energy spectra.

Improvements to the current measurements could also be performed.
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There are several avenues for further work on the strong field ionisation of

metastable neon. In particular, the ability to quickly and efficiently change the

target from metastable neon to ground state neon allows a comparison of ionisa-

tion processes between atoms with different valence electron configurations with-

out having to take into consideration the effects of having a different electron

core or nuclear core. Following the same line of thought, the ability to optically

prepare metastable neon into particular spin states was not fully investigated in

terms of ionised electron momentum distribution or electron energy and would

be an interesting line of research. A good example for experimental improvement

would be the measurement of the photoelectron spectrum and electron momen-

tum spectrum of spin polarised Ne∗ atoms. Such data could give insight into the

cause of the modulation observed in the ion yield as a function of the degree of

circular polarisation as given in figure 4.14. If the mechanism is in the actual

ionisation process, it could lead to refinements in theoretical modelling of atomic

systems, with the associated flow on benefits that have been described elsewhere

in this thesis.

Investigating double ionisation processes of metastable neon is a promising

avenue of future study, in particular when considering the high internal energy

and its effects on the ponderomotive energy of the free electron. Non-sequential

double ionisation (NSDI) and recollision enhanced secondary ionisation (RESI) in

particular are processes that warrant further investigation in Ne∗. Both processes

involve the recollision of the ionised electron with the parent ion. In the case of

NDSI, the recollision immediately ejects a secondary electron, whereas in the case

for RESI, the recollision excited the parent ion to a higher electronic state, which

is then field ionised by the remaining cycles of the laser pulse. Several examples

of work done on these recollision correlated secondary ionisations ground noble

gases can be found in references [4, 43, 146]. The Ne∗ case is interesting as it

has a relatively high difference between the first and second ionisation energy

∆E = 35.0eV, allowing examination of these ionisation channels in a regime

that has not been examined before. Such data could help identify if excited

state atoms with higher internal energy behave differently to their ground state

counterparts, and if so, help identify the reason as to why some multiple ionisation

targets utilise different ionisation channels, a topic which is not well understood.

This would ultimately help to increase the knowledge of electron dynamics in an

atomic system, which would lead to improvements in devices that rely on accurate
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modelling of their target, such as phase meters, atomic clocks and higher harmonic

generation.



References

[1] M. F. Kling, C. Siedschlag, A. J. Verhoef, J. I. Khan, M. Schultze, T. Up-

hues, Y. Ni, M. Uiberacker, M. Drescher, F. Krausz and M. J. J. Vrakking,

Control of electron localization in molecular dissociation, Science 312, 246

(2006).

[2] A. Baltus̃ka, T. Udem, M. Uiberacker, M. Hentschel, E. Goulielmakis,

C. Gohle, R. Holzwarth, V. S. Yakovlev, A. S. T. W. Hänsch and F. Krausz,

Attosecond control of electronic processes by intense light fields, Nature 421,

611 (2003).

[3] C. Spielmann, C. Kan, N. H. Burnett, T. Brabec, M. Geissler, A. Scrinzi,
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R. Moshammer and J. Ullrich, Reaction microscopes applied to study atomic

and molecular fragmentation in intense laser fields: non-sequential double

ionization of helium, Journal of Electron Spectroscopy and Related Phe-

nomena 141, 127 (2004).

[42] X. Liue, H. Rottke, E. Eremina, W. Sandner, E. Goulielmakis, K. O.

Keeffe, M. Lezius, F. Krausz, F. Lindner, M. G. Schätzel, G. G. Paulus

and H. Walther, Nonsequential double ionization at the single-optical-cycle-

limit, Phys. Rev. Lett. 93, 263001 (2004).

[43] V. L. B. de Jesus, B. Feuerstein, K. Zrost, D. Fischer, A. Rudenko,

F. Afaneh, C. D. Schröter, R. Moshammer and J. Ullrich, Atomic structure

dependence of non sequential double ionisation of He, Ne and Ar in strong

laser pulses, J. Phys. B: At. Mol. Opt. Phys. 37, L161 (2004).

[44] H. Li, J. Chen, H. Jiang, J. Liu, P. Fu, Q. Gong, Z. C. Yan and B. Wang,

Carrier-envelope phase dependence of non-sequential double ionization in

few-cycle pulses, Optics Express 16, 20562 (2008).

[45] A. Apolonski, P. Dombi, G. G. Paulus, M. Kakehata, R. Holzwarth,

T. Udem, C. Lemell, K. Torizuka, J. Burgdörfer, T. W. Hänsch and
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Appendix A

Personal experiences of operating the

experimental equipment

A.0.1 Personal contribution to running the AASF and list

of experimental problems

As the AASF laser provided the strong field few-cycle laser pulses for ionisation of

Ne∗, the correct operation of this laser was vital for this work. In the laboratory

the AASF laser was shared between the metastable Ne∗ experiments, molecular

ionisation dynamics experiments, atomic hydrogen experiments and an attosec-

ond streaking experiment. To this end, timesharing was implemented for the

laser and was a valid reason for experimental delay, seeing as at best this work

could only benefit from a quarter of the laser uptime.

In order to complete the experiments outlined in chapters 4 and 5 it was

necessary to learn how to use the AASF laser to provide experimentally useful

pulses. Despite the laser being a commercial system, it is not a simple turn-

key system, and as outlined in sections 2.2.1, 2.2.2, 2.2.3, and 2.2.4, there were

several optical sections that needed to be optimised on a daily basis in order to

obtain a pulse to specification for experimental work. Depending on conditions,

obtaining an acceptable laser pulse for experimentation could take between an

hour and a day. Stability of the mode-lock is dependent on alignment of the cavity,

and is sensitive to changing environmental factors, such as the lab temperature

and humidity. Despite the laboratory being nominally under climate control,

temperature and humidity detectors would notice changes that corresponded to

external weather conditions. These changes would then alter the ideal cavity

conditions and mode-locking would drop. This could lead to periods of up to a

week where stable mode-locking could not be achieved.
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As mentioned in sections 2.2.1, 2.2.2, 2.2.3, and 2.2.4, there were several major

issues that occurred that prevented operation of the AASF laser for extended

periods of time. At these times it was typical for all the experiments reliant on

the AASF to come together to help solve larger issues, as the long term downtime

affected all of the AASF users. Some of the larger maintenance issues that I helped

solve were:

• Accidental misalignment of the few-cycle beam and the pump laser beam

in the amplifier section. Solution: realignment of amplifier. Downtime: two

days.

• Damage to the oscillator Ti:Sapphire crystal on two separate occasions. So-

lution: replace crystal and mounting indium foil with spare crystal, realign

oscillator cavity, amplifier, hollow core fiber. Downtime: four days for the

first occurrence, two weeks for the second.

• Coherent Evolution pump laser beam profile in the amplifier system not

suitable for correct amplification of laser pulse. Solution: Identify problem

with Coherent laser and have Coherent technicians visit to replace Evolu-

tion laser diode banks. Stretched, unamplified 30fs pulses were used for

experiments where they were able to be, which was not this work. Down-

time: eight weeks.

• Coherent Evolution pump laser beam power not to specification. Solution:

problem identified as issue with chiller water level and algal bloom in chiller.

Chiller water flushed and replaced, UV filter installed. Downtime: four

days.

A.0.2 Personal contribution to running the COLTRIMS

and list of experimental problems

The COLTRIMS was the device that recorded all the meaningful experimental

results taken in chapters 4 and 5, and keeping it in operation was a vital part of

completing the work presented this thesis.

My initial work with the COLTRIMS was in assisting in the construction of

the device when it initially arrived. I connected the atomic beam line to the

COLTRIMS chamber and overlapped the atomic beam with the laser pulses.

Due to the nature of the valve connection between the COLTRIMS and the Ne∗
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source, whenever the valve between the differential pumping chambers and the

COLTRIMS chambers was opened, a one day vacuum bakeout was required for

the COLTRIMS to reach operating pressure.

The COLTRIMS system was robust and operating the capture software was

straight forward meaning that typically there were no day-to-day adjustments

required, unless changing the copper plate voltage to adjust the resolution for

the momentum detection of both ions and electrons. Despite this, problems

with the COLTRIMS did occur, and often had a disproportionately large effect

on downtime, as opening the vacuum chamber to fix any issue, no matter how

minor, would require a week of baking the vacuum chamber out to reach UHV

again. Some issues that I helped solve with the COLTRIMS include:

• The retroreflecting mirror was dislodged from its mount in vacuum, meaning

the laser was not focussing in the interaction region and providing no signal.

This took half a day of troubleshooting to recognise. Solution: Open up

the chamber, retrieve and remount the mirror. Downtime: One week, for

baking.

• After removing Ne∗ source from the COLTRIMS for maintenance and re-

mounting it, pressure in the COLTRIMS increased by an order of magni-

tude. This occurred on several occasions for various reasons, and was well

documented after the first reconnection. Solution: Bake the COLTRIMS

out. Schedule maintenance on the Ne∗ source chambers to minimise baking

disruption. Downtime: Approximately six weeks total.

• Shorting in delay-line detector channels and MCP bias plates. This occurred

twice. Solution: Open COLTRIMS to atmosphere, test and replace faulty

wiring, then remount the detectors. Downtime: Four days the first time, 3

weeks the second time (due to heat tape failure and lack of spare).

• HiCube backing vacuum pump failure. Solution: Send HiCube to supplier

for repair. Replaced HiCube with rotary vane pump temporarily to ob-

tain results. Rotary vane pump was removed in short order after traces

of hydrocarbons were observed in COLTRIMS chamber. Downtime: seven

weeks.
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A.0.3 Personal contribution to running the metastable

source and list of experimental problems

As noted earlier, this source was initially repurposed from an earlier experiment.

My initial work with the source involved deconstructing the source section and

reconstructing it on a new mount, suitable for attachment to the COLTRIMS.

This involved designing and building a stable mounting system that could also

support the optical collimator and differential pumping chambers. The mount

was made mobile for easier shifting of the source to future experiments. Designing

and remounting the source took three months. Once the source was assembled

on the mobile mount, there were a number of tests and preparations that had

to be performed. These involved checking for vacuum leaks using a Balzers HLT

160 He leak detector, confirming the existence of the atomic beam utilising the

Faraday cup, preparing the vacuum interlock system, connecting the differential

pumping chambers to the COLTRIMS, and baking out the differential pumping

chambers. This testing and preparation procedure took three months.

I was the sole operator of the neon gas source for this project. Good operation

of the source was largely dependent upon good maintenance. If the nozzle, cath-

ode and tapered glass tube were in good condition, source operation was simple.

Ne gas was injected into the source until the pressure in the source chamber in-

creased to approximately 2×10−5 Torr, set the anode voltage supply to 3kV, then

increase the voltage on the cathode power supply until breakdown was achieved

and the source is ‘struck’, creating the discharge. In this situation the source will

run reliably. Over time and operation, these elements wear down, with noticeable

changes in the operational parameters and stability in the source. For instance,

the source will begin to strike only when the pressure in the chamber is on the

order of 10−4 Torr, the discharge current will increase from 8mA to 15mA, the

source will continually ‘backstrike’ from the cathode to the wall separating the

gas from the liquid nitrogen lines, and the source may only stay struck for two

hours at a time. There is a broad continuum between good source operation and

worn source operation, and it can be difficult to pinpoint when exactly is the best

time to remove the source and examine the components for replacement. Wear

on these three components could be easily judged by eye upon removal from the

system. Due to the imprecise nature of glassblowing, the tapered glass tubes

typically took the longest amount of time to properly realign for good source op-

eration, sometimes requiring the source to be removed for re-adjustment two or
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three times before striking correctly. Spare parts were kept in stock barring once

incident mentioned below, and each replacement typically needed to be performed

once every eight to twelve months.

One minor issue was discovered when running the source with liquid nitrogen

for the first time. Thermal effects had slightly altered the position of the nozzle

with respect to the other elements in the system, affecting the gas flow. This

resulted in the source not striking when cooled. This was quickly identified and

the source alignment was adjusted so that it could strike again. The positions for

hot and cold striking were recorded so the source could be used both cold and

hot if required.

The metastable neon source and differential pumping chambers were very

temperamental, but there were very few major issues with extended downtime.

They were:

• Loss of reflectivity in the optical collimator mirrors (98%→ 90%). This was

caused by oil deposition on the mirrors, as well as neon and electron ablation

of the silver coating on the mirrors. This was reducing the effectiveness of

the optical collimator. Solution: Remove and replace mirrors with spares.

Cleaning was attempted to remove the oil, but the mirrors could not be

adjusted in a fashion that would increase reflectivity up to previous levels.

Replacement mirrors were not cut to specification, so the workshop had to

mill out the mirror mounts an extra 2mm so the replacement mirrors would

fit. Downtime: Ten days.

• Broke vacuum to install electron deflector plates. Due to location of the

chamber they were installed in vacuum was broke across five flanges. Ad-

ditionally, there was little space for removal, requiring the other chambers

to be relocated for a short period. Installation and replacement was per-

formed, but vacuum was not recovered. Solution: Leak test of every flange

that was replaced. This indicated no leaks, so the vacuum pumps were

checked. There were no problems with the pumps. Eventually a large leak

on the pump flange in the other differential pumping chamber was identified

and closed, which solved the issue - the flange seal must have been jarred

when moving around the active chamber. Downtime: One week.

• Was replacing glass tube when it shattered. That tube was our last replace-

ment before re-ordering, so we had no spare. Solution: Wait for glassblower
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to complete order. Downtime: Two weeks.

A.0.4 Personal contribution to running the metastable

neon optical manipulation laser and list of experi-

mental problems

Daily operation of the dye laser involved turning the dye pump on, peaking the

output power of the laser using the cavity mirrors and output coupler, finding

a saturated absorption signal and locking to it by adjusting the intra-cavity-

assemby and Brewster plate if necessary for large frequency jumps, and using the

M2 mirror piezo-electric driver for finer frequency scanning.

Maintenance consisted of keeping the dye laser optics clean and performing

dye changes when required. The dye would eventually bleach under the pump

light, reducing its efficiency and causing issues with laser stability, hence the need

for dye changes. A dye change was typically needed every six months, although

it was performed on a case-by-case basis, not a strict schedule. Frequency lock

stability time was the main recurring issue with the dye laser. This could be

affected by the cavity alignment, state of the dye, and environmental factors. A

good locking period would last six hours, while a bad locking period could last

less than a minute. While the cavity and dye could be compensated for, there

were some days where the laser would not maintain a stable frequency lock. This

would typically occur when the weather had turned rapidly and the environmental

control in the laboratory could not keep the laboratory environment stable. This

is similar to the environmental problems that occurred with the AASF oscillator

cavity as outlined in section A.0.1. During my time as main operator of the dye

laser system, there were the following major problems that had to be overcome:

• The solenoid valve that controlled the dye jet burnt out, disabling the dye

jet. Solution: It was impossible to get an exact replacement part, so the

specifications of the solenoid valve were taken and a suitable replacement

was sourced. Downtime: Three weeks.

• One of the dye jet injection mirror adjustment knobs became loose, and

slipped out of alignment, causing the cavity to become remarkably out of

alignment. Solution: The adjustment knob was tightened up, and the cavity

was realigned. This was a valuable contribution to learning the operational

specifics of tuning a laser cavity. Downtime: Two months.
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• The signal sent to dither the piezo actuator that controls the laser frequency

used for frequency locking stopped working. This was initially discovered

when the laser would not lock to the saturated absorption signal. This

problem was difficult to isolate as during diagnosis the piezo electric con-

troller attached to the M2 mirror stopped working as well. Solution: As the

piezo controller was attached to laser control electronics box as an expan-

sion card, I replaced the card from a spare controller than was in storage.

I could not diagnose the issue with the piezo signal via component testing.

No documentation for the system could not be located. I replaced the lock-

ing electronics with a software based lock that had been developed by a

colleague, Dane Laban, for another dye laser system. Dither signal genera-

tion was changed to a voltage controlled oscillator located in the electronics

for setting up a discharge in the Ne gas cell used for saturated absorption

locking. Downtime: Four months. However, this problem developed when

I was performing initial exploratory measurements with the COLTRIMS,

before the techniques that required frequency-locked laser light were de-

veloped, i.e. mj state pumping and 3P2 atom selection in the interaction

region. Therefore this had little effect on the timeframe of the experiment.
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Population dynamics in a metastable neon magneto-optical trap

R. D. Glover,1 J. E. Calvert,1,2 and R. T. Sang1,2,*
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We observe the population dynamics within a metastable neon magneto-optical trap (MOT) through the
measurement of the average squared Clebsch-Gordan coefficient C2 over a range of laser detunings. The
magnitude of C2 is dependent on the internal quantum state of an atom interacting with the light field and
is found to show a strong dependence on the applied laser detuning. Previously it has been reported [Townsend
et al., Phys. Rev. A 52, 1423 (1995)] that trapped atoms in a MOT are pumped towards the states that interact
most strongly with the local field and therefore the measured value of C2 is larger than the average over all
possible transitions. For the 3P2-to-3D3 cooling transition in metastable neon the average C2 value is equal to
0.46; however, we have measured 0.29 ± 0.03 < C2 < 0.73 ± 0.09. We explain this range of values for C2 by
considering the possible transition rates between the different magnetic sublevels in the system. This result has
significant consequences when trap populations are measured via fluorescence in a MOT.

DOI: 10.1103/PhysRevA.87.023415 PACS number(s): 32.80.Xx

I. INTRODUCTION

The magneto-optical trap (MOT) has become a standard
experimental tool in atomic physics. For many experiments
involving atomic samples produced in a MOT, it is important
to have an accurate knowledge of the fraction of atoms in
the excited state. A common method for estimating the atom
number and density is based on accurately measuring the flu-
orescence and excited-state fraction (ESF) in the MOT [1–7].
In addition, an accurate knowledge of atomic populations is
crucial for cold collision experiments where different species
can have vastly different collisional parameters [8–11]. The
ESF is also an important parameter for studies investigating
decay dynamics and lifetimes in MOTs [12].

The fractional population of the excited state in a MOT is
related to the scattering rate ξ for an atom in an optical field
and is given by �e = ξ/�, where � is the linewidth of the
atomic transition in rad s−1. In the simple case of a two-level
atom in an optical field, the standard textbook definition for
the scattering rate is [13]

ξ = �

2

[
�2/2

δ2 + �2/4 + �2/2

]
, (1)

where δ is the detuning of the incident light field in rad s−1

and � is the Rabi frequency, given by

� = −E0

h̄
〈2|er̂ · ε̂|1〉. (2)

Here e is the elementary charge of an electron, E0 is the
amplitude of the electric field, r̂ is the electron coordinate
with respect to the atom’s center of mass, ε̂ is a unit vector in
the direction of polarization of the electric field, and 〈1| and |2〉
represent the initial and final states of the single-photon dipole-
allowed transition. The matrix element 〈2|er̂ · ε̂|1〉 defines the
coupling between the dipole moment of the atom μ̂ = er̂ and
the incident light field.

*r.sang@griffith.edu.au

Equation (1) is commonly used to estimate the ESF
given the trapping-laser detuning and intensity. In reality,
the geometry of a MOT leads to a much more complicated
system. The energy of the internal atomic state and the electric
field polarization are position dependent, and generally the
scattering rate is a function of all the possible transitions
between the various Zeeman sublevels for the ground and
excited states. Various models have been developed to account
for the atomic multilevel nature in the MOT [14–16]; however
the most commonly used was first proposed by Townsend
et al. [16] in a cesium MOT. In this work the authors account
for this complexity by modifying Eq. (1) for the scattering rate
as

ξ = �

2

[
C2

1�
2/2

δ2 + �2/4 + C2
2�

2/2

]
, (3)

where C2
1 and C2

2 are average squared Clebsch-Gordan
coefficients. It was expected that C2

1 and C2
2 would be of equal

magnitude and close to the value of 0.4 found by averaging over
all the possible transitions and polarizations in Cs. However,
Townsend et al. reported that it was insufficient to take the
values for C2

1 and C2
2 as the average for all transitions and

polarizations. Both average squared Clebsch-Gordan coeffi-
cients were measured to be approximately equal, C2

1 � C2
2 =

0.7 ± 0.2, and significantly larger than the expected value of
0.4. The interpretation was that, in general, the radiation field
optically pumps the atom towards the Zeeman substate that
interacts most strongly with the local field, resulting in an
increased scattering rate.

Equation (3) is commonly used to determine excited-
state populations in MOTs [5–12,17]. However, due to the
complications involved in accurately measuring a value for
the average squared Clebsch-Gordan coefficient, it has been
common to adopt a value of C2 = 0.7 ± 0.2 for all atomic
species. The validity of using Eq. (3) to calculate the ESF was
demonstrated by Shah et al. [18] in a rubidium MOT using a
model-independent charge-transfer technique. However, the
validity of adopting C2 = 0.7 ± 0.2 as being independent

023415-11050-2947/2013/87(2)/023415(5) ©2013 American Physical Society
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of the parameter space under investigation has not been
sufficiently explored.

In addition to an accurate measurement of the excited-
state population, the measurement of C2 allows information
regarding the average internal quantum state of atoms in the
MOT to be inferred. Since the value of C2 primarily depends
on the mj state of the atom interacting with the light field, it is
possible to investigate MOT population dynamics by adjusting
experimental parameters such as the frequency detuning of the
trapping laser.

We extend previous measurements by investigating the
the value of C2 in a metastable neon MOT over a range of
laser detunings. It is found that the measured value of C2

varies widely over the detuning range investigated, indicating
significant changes in the population dynamics of the MOT.
At large frequency detunings we measure the value of C2 =
0.73 ± 0.09, which is consistent with the work of Townsend
et al. [16]. In addition, these results use Ne as the species
of interest, and a range of detunings is identified where the
approximation of a particular value for C2 is valid.

II. TECHNIQUE

The technique we use to measure the average squared
Clebsch-Gordan coefficient is developed on a saturated-
fluorescence method established by DePue et al. [19]. The
method is based on measuring the fluorescence when the
cooling transition is saturated where the ESF is 1

2 . This is
achieved through frequency-tuning the MOT laser beams to
the atomic resonance and ramping up the intensity, thereby
saturating the transition. In this high-intensity limit, the
scattering rate can be inferred from the resulting fluorescence
signal and is simply ξ = N�/2, where N is the total atom
number. The technique was originally used for accurately
measuring the phase-space density in a MOT and has since
been established as a convenient method for determining atom
number [20–22]. The advantage of this method is that it
depends on very few assumptions and only the efficiency of the
imaging system is required to measure the atomic population.

The technique can be extended to measure the excited-state
population in a MOT [21]. In this scheme, two measurements
of the fluorescence are made: The first is made at the desired
trapping intensity I and detuning δ for which the ESF is
being determined. The second measurement is a saturated
measurement with the detuning set to the atomic resonance
and the intensity sufficient for saturation, Isat. The ESF is
calculated by the ratio �e = f/2fsat, where f and fsat are
the measured fluorescence at the trapping intensity and the
saturation intensity, respectively. The values of C2

1 and C2
2

can be inferred from Eq. (3) if the total intensity of the light
incident on the trapped atoms is well characterized. To avoid
the inaccuracies associated with measuring �e absolutely, we
make a number of fluorescence measurements over a large
range of intensities and extract the desired parameters by fitting
to the resulting data. This method can be used to determine
the coefficient C2

2 . A subsequent measurement can be made
to determine C2

1 . However, if the common approximation that
C2

1 � C2
2 = C2 is made, then only a single measurement is

required. By performing the measurement using this fitting
method there is no need to make absolute measurements of the

atom number or excited-state fraction, and hence uncertainties
as a result of absolute calibrations are removed.

It is expected that C2
1 and C2

2 are approximately equal in
magnitude, and in this work we also make the approximation
C2

1 � C2
2 . There are a number of instances in the literature

where an equivalent approximation is made; for example, as
part of their investigation Shah et al. [18] conclude that a
one-parameter model is sufficient for modeling the excited-
state fraction in a MOT. Alternative methods for modeling
the excited-state fraction [14,15] incorporate a single scaling
factor that is attached to the saturation intensity to account
for the complexities of the MOT. In [15] the saturation
intensity which appears in both the numerator and denominator
of the appropriate equation is left as a floating variable
during the analysis. This method is equivalent to making
the assumption that the two average squared Clebsch-Gordan
coefficients in Eq. (3) are equal. In [14] a more complex
three-parameter model is developed, where two parameters are
effective Clebsch-Gordan coefficients. However, in this model
the two Clebsch-Gordan coefficients account for the low- and
high-intensity regimes and the third parameter describes the
crossover point between the two regimes.

Experimentally it is convenient to measure the intensity and
frequency detuning of the MOT laser beams. Therefore � is
expressed in terms of the on-resonance saturation parameter

s0 = 2|�|2
�2

= I

I0
, (4)

where I = 1
2 (ε0cE

2
0) is the laser intensity and I0 is the

saturation intensity, given by

I0 = πhc

3λ3τ
. (5)

Here, λ and τ = 1/� are the wavelength and natural lifetime
of the atomic transition, respectively. By substituting Eq. (4)
into Eq. (3) the scattering rate can be reexpressed and it follows
that the ESF is

�e = 1

2

[
C2s0

1 + C2s0 + 4δ2/�2

]
. (6)

Here the approximation has been made that C2
1 � C2

2 = C2.
We measure C2 from Eq. (6) by keeping the detuning δ constant
and measuring the fluorescence counts, proportional to �e, as
a function of the laser intensity 0 < I < Isat.

The apparatus used in this investigation has been described
in detail elsewhere [9,10]. Essentially it consists of a MOT
for trapping metastable neon in the 3P2 state that is loaded
from a Zeeman-slowed atomic beam. Metastable neon has a
conveniently located closed optical transition between the 3P2

and the 3D3 states (λ = 640.2 nm) which we use for laser
cooling. The light for the slowing beam passes through the
trapping region and modifies the trapping potential; however,
the detuning is typically 8� and has a negligible effect on
the trapped atoms. A Coherent 899 single-mode, ring dye
laser operated using Kiton red laser dye is used to produce
the MOT laser beams. The locking scheme utilizes saturated-
fluorescence spectroscopy on an isolated sample of metastable
neon atoms [23]. The detuning of the laser frequency is
controlled by placing a dc magnetic field across the isolated
atomic sample which Zeeman-shifts the atomic resonance.

023415-2
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FIG. 1. The timing scheme of the measurement. The measure-
ment cycle lasts a total of 150 μs with a duty cycle of 500 Hz.

Typically the total laser intensity (found by summing the
contributions from each of the six trapping laser beams) is
I = 15I0 and the magnetic field gradient across the MOT is
operated at 13.5 G cm−1. For these parameters approximately
106 atoms are trapped.

To ensure that the number of atoms in the MOT remains
constant during the measurement, the laser intensity is modu-
lated on a time scale that does not perturb the atom cloud. The
period during which the laser intensity is modulated is referred
to as the measurement cycle and lasts 150 μs. A duration of
150 μs is chosen based on experimental constraints and is
found to be sufficient for acquiring a favorable signal-to-noise
ratio while maintaining a regular atom population. During the
measurement cycle, the light for the Zeeman slower is switched
off, the MOT light intensity is modulated using an acousto-
optic modulator (AOM) (IntraAction model, AOM-40),
and the fluorescence is measured using an integrated photon
counter (Ames Photonics model, Oculus 8010). A 5 μs delay
before and after activation of the integrated photon counter
ensures that the signal is due only to fluorescence produced
during the measurement cycle; see Fig. 1. For a duty cycle of
500 Hz we find that the disturbance to the trap is minimal and
there are no cumulative effects due to successive measurements
that result in a significant change to the number of atoms in
the MOT.

To characterize the total intensity of light incident on the
trapped atoms, both the intensity profile of the MOT laser
beams and the spatial overlap with the atom cloud are required.
The MOT laser beams are made relatively large compared to
the atom cloud such that the intensity is relatively uniform
across the trap. To measure the spatial profile of the atom
cloud, the 1

e2 diameter is found by observing the fluorescence
on a CCD camera and fitting a Gaussian. For δ = 2� and
I = 15I0 the trap 1

e2 diameter is measured to be 920 ± 10 μm.
The width of the MOT laser beams is found by performing a

knife edge measurement. The light for the MOT is transported
from the Coherent 899 dye laser to the apparatus via a single-
mode optical fiber. The subsequent output coupler and lens
system results in a collimated beam with an approximately
Gaussian profile. The 1

e2 diameter of the beam is found by
fitting to the standard definition of the error function,

Px = Ptot

2

[
1 + erf

(
x − x0

(w/2)

)]
, (7)

where Px is the power measured at the position x, Ptot is the
total power in the beam, x0 is the center of the beam, and w is

the 1
e2 diameter of the beam. The knife edge measurement is

made at a distance of 2.5 m from the fiber output to simulate
the path taken to the MOT region and results in a 1

e2 diameter of
8.85 ± 0.06 mm. The intensity in each of the trapping beams is
measured and equalized using a power meter that has been cal-
ibrated in accordance with the NIST standard (ISO 10012-1).

Since the MOT laser beams are relatively large compared
to the atom cloud, the spatial overlap of each of the trapping
beams with the atoms in the MOT must be measured. Special
care is taken to ensure that the trap is central by initially
aperturing the MOT laser beams and optimizing the system.
This ensures that the overlap of the two Gaussians is central
and allows the contribution from each beam to be considered
equivalent. The incident intensity due to a single laser beam can
then be found by integrating over the 1

e2 diameter of the atom
cloud. Therefore the value of s0 is simply found by summing
the total effect due to all six trapping beams, where a scaling
factor is introduced for the retroreflected beams to account for
these beams making multiple passes through the viewports on
the trapping chamber.

III. RESULTS

To make a measurement of the average squared Clebsch-
Gordan coefficient, the measured fluorescence from the
integrated photon counter is plotted as a function of the
incident light intensity. A background signal is first recorded
and subsequently subtracted from the measured fluorescence
signal. Figure 2 shows a measurement of C2 for a laser
detuning of δ = 1.5�. The measurement of the fluorescence is
un-normalized and therefore a two-parameter fit is made using
Eq. (6). The first fitting parameter corresponds to a value of C2

equal to 0.35 ± 0.04. The second fitting parameter corresponds
to the saturated fluorescence and is related to the ESF. Since
we are interested only in the value of C2 from the fit, we
do not directly measure the ESF, and at the point where the
fluorescence counts are saturating it cannot be assumed that

FIG. 2. (Color online) A graph showing the fluorescence from
the Oculus photodiode as a function of the incident light intensity.
The detuning is δ = 1.5� and the fit using Eq. (6) gives C2 = 0.35 ±
0.04. The ESF is not directly measured; instead an additional fitting
parameter is introduced to account for the un-normalized fluorescence
counts.
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the ESF is equal to 50% since the laser is not resonant with
the atomic transition.

The error bars in Fig. 2 are due to counting statistics
and are the uncertainty in the fluorescence counts due to
processes that are represented by a Poissonian distribution.
Laser intensity fluctuations are uncorrelated in time and are
included in these statistics. Systematic uncertainties originate
from measurement of the laser beam intensity and detuning.
As a result of the Gaussian laser beam, the intensity over
the trapping potential is nonuniform. The magnitude of the
intensity at the 1

e2 radius of the trap is approximately 91.5%
of the intensity in the center of the trap. The intensity that we
use to calculate the C2 coefficient is an averaged intensity and
therefore we include a systematic uncertainty of ±5%. This
value is overestimated since the majority of the atoms will
be located close to the center of the trap where the intensity
profile is flatter. The frequency detuning of the laser has a small
uncertainty due to the stability of the frequency reference. The
long-term locking occurs via an error signal derived through
the modulation of a saturated absorption spectrum in a gas
discharge cell. The uncertainty introduced as a result of this
method is estimated to be at most 10% of the applied detuning.
In addition, the MOT quadrupole field shifts the detuning as a
function of position in the trap. We estimate the uncertainty at
the edge of the trapped atom cloud as a result of the quadrupole
field to be less than 0.1�. The uncertainty in the measured
value of C2 is found by taking the statistical uncertainty
calculated as a part of the fitting routine to one standard
deviation, and adding it in quadrature with the uncertainty in
the laser intensity. The uncertainty in the frequency detuning
of the laser is included in Fig. 3.

Because the measured value of C2 is dependent on the
quantum state of the atom, the population statistics between
the available atomic states can be inferred. The variance in
C2 as the detuning of the MOT laser beams is modified is an
indication of the changing population dynamics of the trapped
atoms. Figure 3 shows the variation in C2 (0.29 ± 0.03 <

C2 < 0.73 ± 0.09) as the laser detuning is scanned in the
range 1� < δ < 4�. These results demonstrate the detuning
dependence of the light-atom coupling in a MOT, which is
due to optical pumping between fine-structure atomic states.

FIG. 3. (Color online) The average squared Clebsch-Gordan
coefficient as a function of the laser detuning.

FIG. 4. The squared Clebsch-Gordan coefficient for all the
possible J = 2 → J = 3 fine-structure transitions.

A value of 4� represents an upper limit to the detuning and is
dependent on experimental constraints. Below 1� the trap is
observed to become unstable.

The calculated squared Clebsch-Gordan coefficients C2
ge for

all the possible J = 2 → J = 3 fine structure transitions are
shown in Fig. 4. The subscripts g and e represent the ground
and excited mj states and identify the fine-structure transition.
Since the magnitude of � for any particular transition depends
on the Clebsch-Gordan coefficients, it follows that the strength
of the coupling between the atom and the light field is also
dependent on the Clebsch-Gordan coefficients. Generally, the
atom will be pumped towards the state that couples most
strongly with the local field. For σ+ light the atom is pumped
more efficiently into the mj = 2 to mj = 3 transition, and for
σ− light the atom is pumped towards the mj = −2 to mj = −3
transition. At large detunings the atoms couple more strongly
with only one laser beam and hence are optically pumped
to the larger-mj states. Here C2 approaches an upper limit
and measurements at large detunings are consistent with the
previous results, where C2 = 0.7 ± 0.2 [16].

In the case of smaller detunings the measured C2 is
observed to drop towards a value of C2 = 0.29 ± 0.03. Here
it appears that the atom is pumped by both the incident
and retroreflected beams and tends towards the mj = 0 state
where the calculated squared Clebsch-Gordan coefficient is
<1. For atoms in the mj = 0 state the description is more
complicated as many more transitions are possible. In addition
the resonance condition for σ+ and σ− light varies across the
trap and will modify the probability of any specific transition
occurring. For example, the probability of driving an atom
that is in the mj = 1 state with a σ− photon increases.
The squared Clebsch-Gordan coefficient for this transition
is relatively small, C2

10 = 0.2, and as a result, the measured
value of C2 = 0.29 ± 0.03 is lower than the value of 0.46
obtained by averaging over all possible transitions. Therefore
the commonly used interpretation that the C2 value tends to
be larger than the average is insufficient, especially in traps
where small detunings are used. Inspection of Fig. 3 shows a
clear regime change that occurs at approximately 2� where
the atom switches from being pumped towards the mj = 0
state and begins to be more efficiently pumped into states with
higher mj numbers.

IV. CONCLUSION

We have shown that the population dynamics within a
MOT changes dramatically with laser detuning and this
has significant effects on the measured average squared
Clebsch-Gordan coefficients. We explain the range of the C2
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coefficients using a simple optical-pumping model where the
strength of the coupling between the atom and light field in
the MOT is related to the Rabi frequency, given in Eq. (2).
The results show that on average the most heavily populated
mj state in the MOT is a function of the applied detuning. The
technique we have described here can be used as a template
for investigating the value of C2 in other atomic species over
a range of laser detunings.

Our measurements over the detuning range 1� < δ < 4�

in a metastable neon MOT show that the value of C2 can
vary by approximately a factor of 3. This result is significant
for measurements of the ESF in a MOT and highlights the

importance of making a saturated measurement [19–22] when
estimating the ESF. However, sometimes it is convenient to
estimate the ESF given only the intensity and detuning of
the light incident on the trap; in this case, it is necessary
to determine the value C2 for the range of experimental
parameters under investigation.
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ABSTRACT

This work describes the first observations of the ionisation of neon in a metastable atomic state utilising a strong-field, few-cycle
light pulse. We compare the observations to theoretical predictions based on the Ammosov-Delone-Krainov (ADK) theory and
a solution to the time-dependent Schrödinger equation (TDSE). The TDSE provides better agreement with the experimental
data than the ADK theory. We optically pump the target atomic species and measure the ionisation rate as the a function of
different steady-state populations in the fine structure of the target state which shows significant ionisation rate dependence on
populations of spin-polarised states. The physical mechanism for this effect is unknown.

Introduction
Recently, there has been much interest in the generation and utilisation of few-cycle light pulses that have a length of three or
even less optical cycles. This interest is in no small part due to the possibilities in applications such as lightwave electronics,1, 2

high-order harmonic generation,3 above-threshold ionisation, and multiple ionisation.4 Additionally, the precise control of the
carrier envelope phase (CEP) of a few-cycle laser pulse in strong laser–matter interactions opens many possibilities.5–7 All
these effects share a common starting point, namely, the strong-field ionisation of an atom.

Strong-field atomic ionisation is a highly nonlinear process that has been realised through high laser intensities obtained by
tightly focusing a few-cycle pulse of light with a high peak pulse power.8 The different interaction regimes that few-cycle
light–matter interactions can be characterised by depend on the magnitude of the electric field in the interaction region relative
to the ionisation potential of the atom. In the first regime, the electric field is strong enough to induce a perturbative non-linearity
in the matter, but not strong enough to cause significant ionisation of atoms. In the second regime, the electric field is sufficiently
strong to provide a high probability of ionisation in the target material. This is known as the strong-field regime. The Keldysh
parameter, γ =

√
Ip/2Up, is used to determine what regime a particular interaction belongs to. Here Ip is the ionisation

potential of the medium and Up is the ponderomotive energy, i.e., the kinetic energy imparted to an ionised electron by a
linearly polarised oscillating electric field.9 The perturbative regime corresponds to γ > 1 and the strong-field regime to γ < 1.8

In the strong-field regime, it is possible to treat the light-matter interaction semi-classically through a three-step model10

that describes the effects and results of the interaction. The first step corresponds to ionisation by the light pulse as a result of
the suppression of the Coulomb atomic potential. The second step involves the acceleration of the electron wavepacket by
the electric field of the light pulse. The motion of the ionised electron corresponds to the classical motion of a charge in an
oscillating electrical field, which then imparts ponderomotive energy to the ionised electron. The third step may include a
recollision of the electron, which results in a variety of interactions with the parent ion.

Inelastic recollision can result in secondary electron promotions within the parent ion, either causing a direct secondary
ionisation known as non-sequential double ionisation (NSDI)4 or exciting another valence electron to a higher energy state.
This excitation lowers the effective second ionisation potential of the atom, thereby providing the opportunity for ionisation in
the remainder of the laser pulse in a process known as recollision-enhanced secondary ionisation (RESI).11 The study of NDSI
and RESI provides enlightening information about the electron dynamics of an ionising system. Another possible interaction is
the recombination of the wavepacket with the parent ion and the subsequent creation of a photon that has a harmonic frequency
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of the driving field. This process is known as high-order harmonic generation (HHG)8 and is being studied as a potential
method to create a tabletop XUV laser source. Elastic collisions may also occur, or the trajectory of the returning electron may
not intersect with the parent ion which provides above-threshold ionisation (ATI) electrons.12

As all these processes depend upon the initial ionisation, it is vital to have a good understanding of this process. The
most common theoretical method used to describe the process is based on the work of Ammosov, Delone, and Krainov. It is
commonly known as the ADK theory13 and makes two essential assumptions, namely: 1) Only the initial and final wavepackets
of the electron are relevant in the ionisation process. 2) The energy of a single photon is not sufficient to promote the valence
electron into the continuum state, nor is the electric field of the peak high enough to suppress the atomic potential barrier
sufficiently to release the valence electron to the continuum. The ADK theory is based on an analytical expression for the
tunnel ionisation rate that was derived by Perelomov et al.14 In atomic units, which are in use throughout this paper except
where indicated otherwise, it is given by

w(t) =C2
n∗l∗

(
3|E (t) |

πF0

)1/2

Ip f (l,m)

(
2F0

|E (t) |

)2n∗−|m|−1

exp
[ −2F0

3|E (t) |

]
. (1)

Here |E(t)| is the electric field of the laser pulse, n∗ is the effective principle quantum number, l∗ is the effective orbital
angular quantum number, m is the projection of the angular momentum quantum number, Ip is the ionisation potential of the
target species, F0 =

√
2Ip, and C2

n∗l∗ is a dimensionless constant that is unique for the atomic system under consideration.
Approximating a solution for C2

n∗l∗ was the purpose of the work done by Ammosov et al. Finally, the term f (l,m) is given by

f (l,m) =
(2l +1)(l + |m|)!

2|m| (|m|)!(l−|m|)! . (2)

The ADK theory is not valid in the intensity regime for over-the-barrier ionisation (OBI). There have been several attempts to
rectify this shortcoming. One method involves correcting the wavefunction of the ejected electron for the Coulomb potential,15

thereby accounting for the possibility of OBI.3 Another modification to account for OBI involves examining the ionisation rates
across a broad range of atomic species, and then using the data to apply an empirical correction to the ADK formula.16

Despite the limitations of ADK-based methods for calculating the ionisation rate, they are attractive to utilise since they are
computationally far less expensive than attempting to find solutions of the time-dependent Schrödinger equation (TDSE) for the
ionising system. This has made ADK modelling the traditional method until the past decade, when several techniques to obtain
approximate solutions of the TDSE were developed (see, for example,17, 18 and references therein). These techniques are taking
advantage of significant increases in computational power and available resources.

The aim of the present work is to investigate the strong-field ionisation from atoms in an excited state, for which there have
been very few experimental investigations to date. Experiments have been conducted to investigate the strong-field ionisation
of Li19 (γ = 0.09 to 0.21). That work, however, focusses on identifying the role of intermediate excited states in the Li atom
during the ionisation process, rather than considering ionisation from an initially excited atomic state as will be presented here.
Experiments examining the ionisation of metastable xenon have been performed by Huismans et al20 using a λ = 7 µm laser
capable of providing pulses in the picosecond regime in order to examine holography between directly ionised and rescattered
electron wavefunctions (γ = 0.8 to 1.5). Our work uses much higher laser intensities relative to the ionisation potential of the
initial state than the work performed in20 and investigates different ionisation regimes. Recent experiments conducted by the
authors demonstrate significant differences in the transverse electron momentum distribution for the OBI regime compared to
the tunnelling regime.21

Singly excited states of noble-gas atoms have an electron in the valence shell, which leaves a hole in the remaining electron
core. The j j angular-momentum coupling scheme describes these states. However, LS coupling notation suitably describes the
2p5(2P3/2)3s 3P2 state of neon (hereafter defined as Ne∗) that we investigate in this work .22 Ne∗ is forbidden by selection rules
to optically decay via single-photon dipole-allowed transition to the ground state. It has a lifetime of approximately 14 seconds
and has been previously used in laser cooling/atom trap experiments,23–26 due to an accessible closed cooling transition to the
3D3 state at 640.24 nm. Below we present an experimental investigation of strong-field ionisation of Ne∗. Note that neon has a
second metastable state (3P0) which is not considered in this work.

Investigating the strong-field ionisation of a metastable noble-gas species is interesting for several reasons. Firstly, the
ionisation potential of Ne∗ is only 5.1 eV, and hence it is relatively straight forward to investigate OBI phenomena with laser
systems that are routinely used in strong-field physics experiments. Noble-gas species have closed single-photon dipole-allowed
transitions that can be used to manipulate the trajectories of the atoms as well as optically pump the target atom. It is therefore
possible to investigate the role of the initial atomic state in the strong-field ionisation process. For example, it is possible to
spin-polarise the target atom and investigate ionisation dynamics from an oriented atomic system.

Describing strong-field ionisation experiments is also a challenge to theory. The critical field at which the unperturbed
atomic energy level lie above the potential barrier and hence OBI becomes possible is given by Fb = 4I2

p/16Zc.16 For Ne∗,
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this corresponds to a laser intensity of 2.7×1012 W/cm2, which is relatively low compared to the maximum available in our
experiment. Consequently, our experimental regimes can easily be varied from the case where tunnelling ionisation is dominant
to the case where OBI is the prevalent process. This provides data from a challenging target over a wide range of experimental
parameters and facilitates an extensive test of our current theoretical understanding of strong-field physics.

We present a new experimental apparatus that is capable of performing an experimental investigation of the strong-field
ionisation of Ne∗. We compare the measured ionisation data to predictions from the ADK and the TDSE theories. We also
present first results for the ionisation of optically pumped Ne∗ and investigate the role of the initial atomic state in strong field
ionisation.

Results
The experiment was prepared as described in the Methods section. In order to examine the response of spin-averaged Ne∗ to
ionisation intensity a number of data runs were performed at different laser intensities with Keldysh parameters ranging from
γ = 0.37 to 2.32. The experimental parameters were as follows. The integration time of the experiment was 120 s. The laser
pulses had random CEP and a pulse length of 6.3±0.2 fs, measured as the full width at the half maximum of intensity. The
final Ne∗ ion yield (SNe∗) was determined according to SNe∗ = Scoll−on−Scoll−off, where Scoll−on is the time-of-flight (TOF)
measurement with the optical collimator on, and Scoll−off is the TOF measurement with the optical collimator off. Scoll−off
contains ionisation information from all atomic states in the beam, while Scoll−on contains information on an atomic beam with
an enhanced Ne∗ flux. This results in ion yield information that is provided solely by the enhanced number of Ne∗ atoms in the
atomic beam. Background contributions in all measured cases were less than 0.6% of the signal.

The theoretical results were obtained as described in the Methods section. In order to compare the predictions to experiment,
the theoretical results were scaled to fit the experimental intensity dependence using a Matlab two-parameter spline fitting
procedure. The scaling was done for both the ion yield and the laser intensity using the equation y = A× spline(ηx). Here
spline is the spline function that is fit to the theoretical predictions, A is the ion yield scaling factor, and η is the laser intensity
scaling factor. The method has been used in previous work to compare theory to experiment in the case of atomic hydrogen.27, 28

The uncertainty presented in the experimental section is given by the Poissonian counting error. Uncertainties in the laser
intensity calibration include measurement error as well as systematic power measurement to intensity calculation errors. The
latter is corrected with the intensity scaling. The experimental results and theoretical comparison are shown in figure 1.

It should be noted that there appears to be an outlying data point below the curve at 6.38×1013 W/cm2. The five data points
at 6.38, 7.76, 7.79, 9.46 and 9.70×1013 W/cm2 were taken by employing two different experimental techniques for intensity
variation; one where the intensity was controlled solely by adjusting the half-wave plate and the germanium plates, and one
where the intensity was locked at the germanium plates while flip-in pellicle beamsplitters were used to reduce intensity. This
was done to determine the accuracy of overlap between the two experimental techniques. For the point in question it was
ascertained that using the half-wave plate for intensity control at this intensity would not effectively maintain the polarisation
state of the light and it is likely an outlier caused by a systematic error due to this issue.

The present work also utilised optical pumping of the target atom with another laser beam tuned to the cooling transition in
order to spin-polarise the target atom. If the optical pumping laser light is circularly polarised, it acts on a target atom by causing
many single-photon absorptions followed by relaxations due to spontaneous emission. The result of this process is that the
atomic population is transferred into the largest m j =±2 states (+2 for σ+ left hand circularly polarised light and −2 for σ−
right hand circularly polarised light) after the interaction with the light beam.29 Atoms with these magnetic projection quantum
numbers have the maximum total angular momentum and are spin-polarised. The sublevel transitions and their associated decay
probabilities are shown in figure 2. An additional laser beam was added after the optical collimator to facilitate the optical
pumping. The laser beam interacted perpendicular to the atomic beam and was on resonance with the cooling transition used
in the optical collimator. The laser beam was retro-reflected and the laser detuning is set to 0 MHz so that the net scattering
force on the atoms in the atomic beam was zero,30 thus ensuring that the trajectory of the atoms remained unaltered, which
avoided a loss in ion yield signal. The polarisation state of this beam was altered using a quarter-wave plate and facilitated a
polarisation change which changed the distribution of m j states. The optical pump beam has a measured power of 125 mW,
across a collimated beam geometry with a 6.1 mm radius. This gives a pump intensity of 20 times the saturation intensity
(4.22mW/cm2) of the optical transition. We modelled the optical pumping process by numerically evaluating the optical Bloch
equations (OBEs) in the rotating-wave approximation (RWA). The OBEs fully describe the evolution of the internal atomic
states in the presence of an external field including the atomic state coherences and spontaneous decay. For example, figure 2
shows the evolution of a Ne 3P2 atoms pumped by σ+ light. The system reaches a steady state after approximately 1µs with
50% of the atoms in the ground 3P2 m j = 2 state and 50% of the atoms in the excited 3D2 m j = 3 state. A fully polarised state
is only reached after a period of relaxation where the system is allowed to evolve without the influence of the pump laser. This
second step takes a further 80 ns, after which approximately 99% of the atoms are in the desired 3P2 m j = 2 state. On average,
an atom was under the influence of the optical pumping beam for 12 µs, which is more than sufficient to fully polarise the
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Figure 1. (Color online) Comparison of experimental data with theoretical predictions. The theories are scaled using a spline
fitting procedure. For the ADK fit, A = 0.18 and η = 3.89, with χ2 = 0.41. For the TDSE fit, A = 0.42 and η = 1.59, with
χ2 = 0.25. Inset: A comparison of the probability of ionisation for a single atom using the ADK theory against the focal
volume averaged (FVA) ADK application as described in the main plot. It is observed that the sharp change in ionisation rate at
∼ 1.5×1013W/cm2 observed in the FVA data corresponds to the point where the ionisation probability of a single atom is
approximately 80%. The black dashed line is provided as a guide for the eye.

atomic beam. Between the optical pumping region and the interaction region (approximately 45 cm), there is a small residual
magnetic field from the Earth, which could have induced a small depolarisation of the atoms.31 However, our results show that
the majority of atoms remain well polarised.

Figure 3 shows the ion yield when rotating the quarter-wave plate of the optical pump light. The degree of circular
polarisation of the optical pump light was measured by measuring the Stokes parameters utilising the classic method involving a
linear polariser and a quarter-wave plate as described in;32 in this case the normalised parameter S3/S0 describes the prevalence
of σ+ circularly polarised light to σ− circularly polarised light. The average maximum absolute value for |S3/S0|max was
measured to be 0.96±0.02, i.e. the maximum degree of circular polarisation is 96% in this experimental setup. Figure 3(b) is a
broad function around the point of full circular polarisation and such a change in the degree of circular polarisation will have a
negligible effect on the optical pumping with a less than 1% change in the fully spin polarised state. A further consistency
check for the ionisaton rate as a function of optical pumping was made by flipping the quarter wave plate so that the opposite
handedness for the ionisation rate could be measured with the results consistent with what is presented in figure 3(a). Figure 3
shows that as pump light becomes more circularly polarised, there is a corresponding increase in the ionisation rate. There are
a number of important observations that can be made about this measurement. The change in the ellipticity of the optically
pumping beam changes the atomic state distribution of the Ne∗ atoms, and we clearly observe an ionisation dependence on the
initial state of the Ne∗ system. The second observation is that the ionisation rate maximises for the fully spin polarised states
compared to the mixed state case created by π polarisations which produces a mixed distribution between all m j substates.
There also appears to be an asymmetry in the ionisation distribution. These are remarkable features and clearly demonstrates
that the tunnel ionisation rate depends on the fine structure population of the excited state with maximum ionisation rates when
the atoms are spin polarised.
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Figure 2. (Color online) The panel on the left shows the optical pumping transitions for the 3P2→3 D3 states with the
associated magnetic substates, also shown are the decay rates for the individual sublevel transitions. The panel on the right
displays the time evolution of the m j states of 3P2 neon being pumped with σ− polarised light tuned to the 3D3→3 P2
transition. The intensity of the light is 20 times the saturation intensity of the transition. These results describe the system
reaching steady state as described in the text, with 50% of the atoms in the displayed 3P2 m j =−2 state. The remainder exist in
the 3D3 m j =−3 excited state, which is not displayed in the figure. When the atoms leave the pump beam they decay from the
excited state into the m j =−2 state as described in the main text.
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Figure 3. (Color online) (a) Measurements of ionisation yield as a function of the angle that the quarter-wave plate makes
relative to the polarisation axis defined by a linear polariser when using 640.24 nm optical pumping light. The intensity of the
ionising laser is I = 9.2×1013 W/cm2. This intensity was chosen as it allows accurate use of ADK modelling of the ion yield
for later analysis (see figure 1). The pump light is intended to pump the atom beam into an ensemble of different m j states,
depending on the alignment of the fast axis of the quarter-wave plate with respect to a linear polariser. There is a significant ion
yield difference between the Ne∗ beam being pumped with σ± circularly polarised light and being pumped with linearly
polarised π light. This indicates an average ionisation potential difference between a spin-polarised atomic ensemble compared
to a spin-averaged atomic ensemble. (b) indicates the expected m j state fraction of the beam at different wave-plate angles.
When pumped with π light, the state distribution for all remaining states are approximately 0.02. The modelling was performed
for the experimental pump beam parameters by numerically solving the OBEs and is provided as a guide for the eye.
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Discussion
The results exhibited in figure 1 are the first using Ne∗ as a target atom, and the first to examine the strong field ionisation
effects of a metastable target. The results are fit with arbitrary scaling. The ADK theoretical predictions for ion yield observe
a significant increase at an intensity of 1.5×1013 W/cm2. This is due to the focal volume averaging used to determine the
total ion yield as described in the methods section. At intensities below the sharp increase in ionisation rate, the probability
of ionisation of a single atom is below unity as predicted by ADK theory and as such there is a limited number of ionisation
events occurring across the entire focal volume of the laser pulse. In this region, the peak intensity of the laser pulse in the
single atom ADK calculations is what limits the maximum calculated ionisation yield. At intensities above 1.5×1013 W/cm2,
the probability of a single atom ionising is close to, or at, unity. There is a considerable increase in ion yield at this point. As
the peak intensity increases, more of the outlying pulse volume contributes to the ionisation rate. In this region, the localised
intensities of the laser pulse throughout the focal volume is what limits the maximum calculated ionisation yield. This is
demonstrated in the inset of figure 1, where the ionisation probability of a single atom is compared to the ADK theoretical
results that have been focal volume averaged.

There is poor agreement with the ADK fit below 4.0× 1013W/cm2. This is expected as ionisation due to multiphoton
processes and OBI are not predicted with ADK theory, both of which may contribute to the total ion yield. This compares
favourably to previous results,33, 34 where it was noted that multiphoton processes affect the accuracy of ADK ionisation
rates at similar peak intensities. The OBI intensity for our target is below the intensity where ADK theory fails, unlike the
targets used in.33, 34 This indicates that OBI contributes to the difference between ADK and experiment at intensities below
4.0× 1013W/cm2, which can be confirmed through the measurement of the transverse electron momentum distribution as
shown in.21 As the TDSE solution accounts for both OBI and tunnelling ionisation effects, one might expect to see a better
scaled fit at those lower intensities. This is indeed what we observe. At intensities higher than 4.0×1013W/cm2 the fit after
scaling is similar for both ADK and TDSE theories. This is expected, despite the inability of the ADK approach to model OBI
ionisation. At these high peak intensities, the probability of ionisation becomes unity for both theories across a similar and
large fraction of the volume of the interaction region, with focal volume averaging effects at the edges of the laser beam volume
(where the probability of ionisation is less than unity in the modelled lower electric field amplitudes) causing slight differences
in modelled ion yield. Physically this implies that at these high intensities, the exact process of ionisation for determining ion
yield is irrelevant, as the ionisation event will always occur. For this reason, more relevant comparisons of theory should be
made at intensities below 4.0×1013W/cm2.

The mechanism for the modulation in the ion yield as the quarter wave plate is rotated, and hence the fine structure
population distribution in the target atom state changes, as displayed in figure 3 is unknown. However, it may be a result of the
magnetic field of the strong field pulse inducing a spin flip in the metastable state and facilitating a decay to the neutral ground
state of the neon atom. In this case the ground state has a significantly larger ionisation potential and hence a change in the
ionisation rate would be expected. This is the first demonstration of the effect of the fine structure on tunnel ionisation rates and
this system provides a new challenge for modelling tunnel ionisation for atomic systems.

We have performed the first strong-field ionisation experiment with excited-state neon atoms and measured the complete
ion yield from the ionisation of Ne∗ atoms using a COLTRIMS setup. Our work showed that solving the TDSE, even with the
necessary approximations to make the problem computationally tractable, provides better agreement with experiment than
the ADK theory. This is likely the result of applying the theories to an atom with such a low ionization potential, where the
basic assumptions for ADK become invalid. A maximum difference of 16% in the ion yield was experimentally demonstrated
between atoms pumped to the stretched m j states compared to atoms pumped into a mixture of m j states using π polarised light.

Methods

Experimental setup
Few-cycle light pulses were provided by a commercially available chirped pulse amplification system (Femtopower Compact
Pro CE Phase). The final laser output in typical operating conditions was a 1 kHz train of pulses 6 fs long, with a pulse energy
of approximately 450 µJ.

The pulses from the laser system passed through a half-wave plate and a pair of germanium plates at Brewster’s angle
in order to provide variable intensity from 150 mW down to 8 mW. In order to preserve the polarisation state, a series of
flip-in pellicle beamsplitters were used to reduce the laser intensity further. For intensity calibration purposes, a removable
quarter-wave plate was also placed in the beam path. The few-cycle pulses were then focussed into the interaction region
of the detection system. The intensity of the focussed light beam in the interaction region was determined for a number of
measured input powers, utilising the approach outlined in the work of Alnaser et. al.35 This method provided an absolute
intensity accurate to within 50%. These data are used to create a calibration curve that maps the measured power to effective
intensity. In addition, this calibration curve allowed for the calculation of the beam waist at the focus, assuming a Gaussian
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beam propagation. The calculated beam waist diameter is 14±1 µm, with an associated Rayleigh range of 810±120 µm. The
random shot-to-shot uncertainty of the laser intensity is dependent upon the uncertainty of the Thorlabs S310C power meter
used to measure pulse power. This was estimated to be 11% based on manufacturer specifications.

Figure 4. (Color online) Schematic diagram of the experimental setup used in this work. Only one pair of mirrors for the
optical collimator is shown, whereas two pairs are employed in the actual experiment to collimate in two directions. The optical
pump laser is propagating in the same direction as the electric field of the ionising laser, which defines the quantisation axis.
The magnetic sublevel optical pump apparatus was not used for the results displayed in figure 1.

The detection system was a cold target recoil ion momentum spectroscopy (COLTRIMS) device. This is an ultrahigh
vacuum (UHV) system that utilises electric fields to separate the products of a light-atom interaction based on charge polarity.36

The charged products are first guided onto multichannel plates to amplify the signal, and then onto delay-line detectors that
record the time and location of the ion strikes on the detector. Electron momentum spectroscopy was available, but not required
for this experiment. Mass spectroscopy of the product ions was performed by correlating TOF data from the delay line detectors.
This was used to obtain ion counts from the interaction with the ionising laser. Position data can be used to determine ion
momentum but was not utilised for this experiment.

A DC discharge source was used to generate the Ne∗ atoms. This type of source is common for generating metastable
noble-gas atoms and was repurposed from previous experiments.37, 38 Neon gas was fed at a pressure of 1.1 Torr past a cathode
tip and through a liquid nitrogen cooled 250 µm diameter nozzle into the evacuated (≈ 10−6 Torr) source chamber. The
gas expands supersonically towards an anode skimmer, which provides collimation to the atomic beam downstream. The
application of a high voltage across the two electrodes created a DC discharge in the region where the neon is expanding into
the vacuum system. Electron collisions with neon atoms generate several products, including Ne∗ at approximately 0.01%
efficiency.39

Immediately following the skimmer was an optical collimator31, 40 which was utilised in order to increase the Ne∗ flux. The
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collimator consists of two pairs of elongated mirrors at right angles to each other that are placed near parallel to the direction of
travel of the atomic beam. These mirrors were tilted slightly from parallel such that four incident laser beams frequency-locked
close to the cooling transition for the 3P2 state create an angle frequency detuned two dimensional (2D) optical molasses along
the path of the atomic beam. This 2D optical molasses reduces the transverse velocity component of only the 3P2 neon atoms
and can be viewed as a collimation matter lens for the atomic beam.

Following the collimator, two chambers separated by two 1.5 mm apertures were used to create a differential pumping
section in order to match the vacuum pressure to the COLTRIMS UHV. The first chamber contained electron deflector plates to
remove charged particles from the atomic beam created by the discharge. The second chamber contained a Faraday cup that is
used to measure the beam flux and assisted in aligning the Ne∗ source. A pneumatic gate valve separated the Ne∗ beamline
from the COLTRIMS chamber. Also on this chamber were a pair of optical viewports which allowed for the atomic beam to be
illuminated perpendicular to the atomic beam by two retro-reflecting laser beams at 640.24 nm, which are produced by a dye
laser frequency locked and on resonance with the cooling transition. A linear polariser and two quarter-wave plates were used
to alter the ellipticity of the pump beam in order to pump the atoms into various m j states. When the atomic beam reached the
interaction region of the COLTRIMS device, it had a diameter of 1.5±0.3 mm, as measured by scanning the strong-field laser
beam focus across the atomic beam and observing the change in ion yield. See figure 4 for a schematic of the experiment.

Modelling the ion yield
In order to provide comparison to theory, a 3D focal-volume-averaged model was created and implemented through Matlab. It
is important to correctly model the interaction region, since the low ionisation potential of metastable neon causes the ionisation
probability to quickly reach unity at the centre of the pulse at relatively low intensities. This implies that, as the pulse intensity
increases, the outer areas in the interaction region significantly contribute to the total ion yield when compared to the ionisation
of ground-state neon. The model made the assumptions that the laser pulse was Gaussian, the divergence of the atomic beam
was negligible over the interaction region, the laser pulse was completely linearly polarised, and all ions generated by the
interaction were detected by the COLTRIMS. Smoothing functions based on the work of Kielpinski et al.28 were employed. A
representation of the interaction region is displayed in figure 5, with axes labelled according to a cylindrical coordinate system.

In order to perform the focal-volume averaging, the cylindrical symmetry of the region was exploited by flattening the
interaction region onto a 2D area, as shown in figure 5. The total ion yield for a single pulse is obtained by integrating the ion
yield map displaying in figure 5(b), which is then multiplied by the total pulse number to give a final ion yield result.

Figure 5. (Color online) Part (a) is a schematic visualisation of the interaction region of the COLTRIMS. The atomic beam is
travelling in the in the plane made with the z-axis and the θ = 0 angular coordinate. As the system is solved symmetrically in
θ , the axis along the θ = 0 coordinate is labelled the r axis as the solution requires knowledge of the displacement along the
radial coordinate. The laser beam is propagating in the z direction. Part (b) is a modelled 2D ionisation yield map for Ne∗

interacting with a laser pulse with the following parameters: Ipk = 9.6×1013 W/cm2; w0 = 7.25 µm; Tpul = 6.3 fs; atomic
beam width = 1.5 mm; average atomic beam speed = 1000 m/s; atomic beam flux = 1.4×1014atoms/sr/s. These parameters,
with the exception of Ipk, were held constant throughout the modelling.

In order to generate a curve of ion yield as a function of intensity, a batch script was designed that creates a number of
input peak laser intensity Ipk values. The script ran the ion yield script for each value of Ipk and generated a plot when the
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batch script was completed. Two theoretical ion yields as a function of intensity plots were created for Ne+ ions. One curve is
generated by utilising ADK theory to provide the ionisation probability as provided in Eq. (1). Values for Cn∗l∗ were calculated
by determining the wavefunction, Ψm, and the orbital energy of the Ne 3s atom,41 before fitting to the expression42

Ψm (r) = ∑
l

ClFl(r)Ylm(r̂). (3)

Here Fl(r) is the wavefunction in the asymptotic region where tunneling occurs, and Ylm are spherical harmonics.
Theoretical predictions for ionisation based on solving the TDSE are processed in the same manner. The ionisation

probabilities of the Ne 3s orbital were calculated by solving the TDSE under the single-active electron approximation with the
second-order split-operator method in the energy representation.17, 43 The model potential44 was calculated by using density
functional theory with a self-interaction correction.41 The calculated atomic ionisation potentials were in good agreement with
the measured ones. The numerical convergence was cross-checked by comparing the ionisation probabilities obtained from the
integration of the ATI spectra and the survival probability of the 3s orbital as well as the excitation to other bound states. The
two results agree within a few percent.
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Ionization of atoms and molecules in strong laser fields is a fundamental process in many fields of
research, especially in the emerging field of attosecond science. So far, demonstrably accurate data
have only been acquired for atomic hydrogen (H), a species that is accessible to few investigators.
Here we present measurements of the ionization yield for argon, krypton and xenon with percent-
level accuracy, calibrated using H, in a laser regime widely used in attosecond science. We derive
a transferrable calibration standard for laser peak intensity, accurate to 1.3%, that is based on a
simple reference curve. In addition, we provide the first accurate quantitative measurements of the
accuracy of the single-active electron approximation, regularly employed to predict the ionisation
rates of noble gas atoms.

Ionization by strong laser fields drives processes rang-
ing from attosecond pulse generation [1, 2] to filamenta-
tion [3] and remote lasing [4]. Measurements of strong-
field ionization have revealed complex and surprising
qualitative features [5, 6] that can depend sensitively
on the laser intensity. Precise measurements of strong-
field ionization are now being used to probe fundamental
physics, such as time delays in photoionization [7], but
there is substantial evidence that small systematic offsets
in these measurements can obscure the results [8]. In fre-
quency metrology, measurements of atomic transitions
are affected by systematic errors arising from the AC-
Stark shift and laser intensity uncertainty, limiting the
precision of the result. [9]. Accurate reference data on
strong-field photoionization and laser intensity, especially
in the attosecond science regime, are therefore needed for
further progress on these questions.

In recent years, our group has used H to perform
quantitatively accurate strong-field measurements that
are demonstrably free from systematic errors [10–12].
These measurements are performed in the regime of
laser pulse durations and peak intensities that are most
widely used in attosecond science. As the simplest elec-
tronic system, atomic hydrogen (H) has long been recog-
nised as a benchmark species for strong-field physics
experiments [13, 14]. Direct integration of the three-
dimensional time-dependent Schrödinger equation (3D-
TDSE) enables high-accuracy simulation of H, with less
than 1% error, with only very minor approximations [15].

Hence, the accuracy of H data can be certified by its
agreement with 3D-TDSE simulations.

Here we use these techniques to perform accurate mea-
surements of the strong-field ionization yield from three
commonly used noble gas targets, and to derive a trans-
ferrable, high-accuracy calibration standard for laser in-
tensity. Our data enable accurate inter-comparisons be-
tween strong-field laboratories; and improved simula-
tions of complex phenomena involving strong-field ion-
isation, such as filamentation, high-harmonic generation,
and laser-induced electron diffraction. We use the no-
ble gas data to derive a calibration standard for laser
peak intensity, given by a simple reference curve, that
offers an order of magnitude better accuracy than pre-
vious transferrable standards [16, 17]. Our intensity cal-
ibration standard applies to an intensity regime that is
readily transferrable to laboratories using few-cycle 800
nm laser systems, including most attosecond science lab-
oratories.

The experimental apparatus is detailed in [10, 11] and
consists of a well-collimated atomic H beam skimmed
from the output of an RF discharge dissociator, which
intersects the focus of an intense few-cycle laser. The
flux of our custom constructed atomic source is sev-
eral orders of magnitude higher than commercial sources
[18], facilitating a high signal level. The laser generates
pulses of 5.5 fs duration (measured at full-width at half-
maximum of intensity) with a central wavelength of 800
nm. Ions are created in the overlap region between the
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FIG. 1. (a) Experimental data for H+ yield (solid circles),
compared with theoretical predictions from 3D-TDSE (dot-
dashed line), standard ADK (dashed line), and empirically
corrected ADK (Emp-ADK; dotted line) models. In some
cases, the error bars on the data are smaller than the symbols;
see Supplementary Information for error estimates. (b) Per-
centage difference of experimental H+ yield data and both
ADK theories from the 3D-TDSE simulations.

atomic beam and the laser beam, and are detected with
an ion time-of-flight (ion-TOF) mass spectrometer. A
microchannel plate (MCP) located at the end of the ion-
TOF detects the ions and outputs a voltage proportional
to the ion yield (see Supplementary Information). The
overlap region is well-defined, allowing us to account ac-
curately for focal-volume averaging (FVA) effects [12].

The measured yield of H+ ions resulting from ionisa-
tion of atomic H over a range of laser peak intensities is
shown in Fig. 1. This yield, denoted YH+ , is accurately
measured by removing contributions arising from ionisa-
tion of undissociated H2 in the beam, and background
H2O vapour. These contaminant signals can be as large
as 9.5% of the desired YH+ , and hence must be removed
to obtain percent-level accuracy. Errors in YH+ accumu-
late from MCP voltage baseline subtraction, from short-
and long-term laser drifts, and from uncertainties in de-
termining the dissociation fraction. A detailed account
of the analysis and error estimation is given in the Sup-
plementary Information.

We certify the accuracy of our data by comparison
with accurate 3D-TDSE calculations. As in our previ-

ous work [10, 11], we perform FVA over the interaction
volume, assuming a Gaussian laser profile and a molecu-
lar beam of diameter d, where d is much smaller than the
laser Rayleigh range and much larger than the transverse
size of the laser beam. Under these conditions, the FVA
becomes independent of beam propagation effects [12].
We perform a weighted least-squares fit of the 3D-TDSE
yield predictions to the YH+ data using a function of the
form

PH+(Iest, A, η1) = A · S(η1Iest) (1)

Here A and η1 are the fit parameters, while S is the
focal-volume averaged and carrier-envelope-phase aver-
aged theory model evaluated at the actual laser inten-
sity I0 = η1Iest. The independently estimated intensity
Iest is obtained from measurements of the laser parame-
ters - waist size w0, average power P , pulse duration τp,
and repetition rate frep via

Iest =
2P

πw2
0

1

frepτp
. (2)

The η1 fit parameter is a rescaling coefficient of the laser
intensity that accounts for the error in Iest, and permits
the accurate retrieval of I0. The A fit parameter rescales
the yield to account for both the unknown atomic den-
sity and detector efficiency, but is irrelevant for intensity
calibration.

Figure 1 illustrates the agreement between the
YH+ data and the 3D-TDSE simulations, certifying that
our data are free of systematic error to within our mea-
surement precision of 2%. A value of η1 = 0.641 ± 0.007
is found, indicating that we can calibrate the laser peak
intensity to a theory-certified accuracy of better than
1.1% without systematic error. Normalized residuals
from the fit are also shown as percentage deviations from
the 3D-TDSE predictions in Fig. 1. The deviation of η1
from its ideal value of 1 is common in high-field experi-
ments, where the uncertainty in Iest can easily approach
50%. We note that if the background is not removed, η1
shifts by 3.1%, much more than our accuracy of 1.1%.

Our data are easily able to discriminate between the
3D-TDSE and other commonly used theoretical approx-
imations. A well-known alternative to solving the TDSE
is the analytic theory of Ammosov, Delone and Krainov
(ADK) [19]. Standard ADK theory is intuitive and
straightforward to calculate, but it is known to fail at
intensities near to or exceeding the onset of barrier-
suppressed ionization (BSI) [20]. An empirical correc-
tion [21] has since been developed to extend the validity
of ADK rates to higher intensities. Standard ADK and
empirically corrected ADK rates, as well as percentage
residuals have also been plotted in Fig. 1 using the A
and η1 fit parameters obtained from the 5.5 fs 3D-TDSE
fit. Standard ADK deviates from the data at high in-
tensities by almost a factor of two, whereas empirically
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corrected ADK is accurate at the 10% level there. Nev-
ertheless, the latter model is still clearly ruled out by the
data at lower intensities.

We now present the first demonstrably accurate mea-
surements of the photoionization yield of argon, krypton
and xenon, providing reference data in a regime for which
accurate simulations are not available. The results for
the yield of each gas target, denoted YAr+ , YKr+ , and
YXe+are shown in Fig. 2. The agreement between theory
and experiment for H certifies the accuracy of the noble
gas yields, as these measurements were performed in the
same apparatus, using identical laser parameters.

Theoretical ionisation probabilities for the rare gas
atoms are obtained by solving 3D-TDSE under the single-
active electron approximation with the second-order-split
operator method in the energy representation [22, 23].
The model potentials [21] are calculated by using the
density functional theory with self-interaction correction
[24], from which the calculated atomic ionisation poten-
tials are in good agreement with the measured ones. The
theoretical simulations are subjected to FVA for com-
parison with experimental data. As with the atomic H
data, we also compare standard ADK and empirically
corrected ADK rates with the noble gas data.

Each of the theory models is compared to YNG+(where
the subscript NG denotes one of the noble gases) using
the calibrated intensity I0 and the fitting method Eq. (1).
The fits and residuals for each target are shown in Fig. 2.
Since the intensity is already calibrated by the YH+ data,
the calibration factor η1 is fixed to a value of 1, whilst A
is allowed to vary in order to account for the unknown
gas density. While the data are accurate at the 2% level,
the theoretical predictions agree with the data only at the
tens of percent level, with both ADK rates performing
poorly. These data therefore pose a direct challenge to
current models which are widely used to predict results
from strong-field ionization experiments.

While all three theories disagree with the experimen-
tal data, Fig. 2 shows that we can achieve good agree-
ment with the data using the following phenomenological
model

P
(2D)

NG+(Iest;A, η2) = A · Sphenom(η2Iest), (3)

where

Sphenom(η2Iest) =
exp

(
− α

(
η2Iest/Ic

)−1/2)

1 +
(
η2Iest/Ic

)γ . (4)

Here A and η2 are the same fit parameters as described
in Eq. (1). The coefficients α and γ are set by fitting Eq.
(4) to the 3D-TDSE for each gas target. The value of
Ic was determined from the data of Fig. 2 by fixing η2
to a value of 1, and substituting Iest with our I0 values
obtained from the H+ fit. The values of these parameters
are shown in Table I for each gas target. Our values for

TABLE I. Fit parameters used in Eq. (4) for the Ar+, Kr+,
and Xe+ gas targets.

.

Fit Parameter Ar+ Kr+ Xe+

α (arb. units) 2.84 4.24 3.71

γ (arb. units) -3.03 -2.49 -2.69

Ic (× 1014 W/cm2) 3.86 ± 0.05 2.06 ± 0.03 1.18 ± 0.03

Ic include the uncertainty in the H+ calibration as well
as the fit error, and demonstrates our ability to calibrate
the intensity at the 1.3%, 1.5%, and 2.5% levels using Ar,
Kr, and Xe as gas targets respectively1. The value of Ic
is robust against the removal of any individual data point
from the fit dataset, indicating that the model robustly
represents the data over the entire intensity range. How-
ever, it is important to note that the phenomenological
model is introduced purely as a convenience, so that the
reader can easily carry out intensity calibration with a
closed-form analytic fit function. We emphasize that Eq.
(4) is not associated with any model of the ionization
physics, hence we do not expect it to be valid outside the
range of intensities studied here.

Equation (4) enables absolute intensity calibration at
the 1.5% level for few-cycle 800 nm laser systems, like
those widely used for attosecond science. The cali-
bration only requires a mass spectrometer, a few-cycle
laser at 800 nm, and a source of either Ar, Kr or
Xe. The intensity range covered by our calibration,
1 – 5 × 1014 W/cm2, is used by most atomic and molecu-
lar strong-field physics experiments, particularly attosec-
ond science experiments. Instructions for using our cali-
bration are detailed in the Supplementary Information.

Our transferrable calibration standard can be shown
to reliably determine the absolute intensity without sys-
tematic errors; in other words, the retrieved intensity
can be accurately expressed in the SI unit of W/m2.
Previously presented transferrable intensity calibration
methods [17, 27, 28] relied on theoretical approximations
whose systematic errors were not fully quantified. The re-
moval of systematic errors, i.e., offsets between the mea-
sured value and the “true value” of the measured quan-
tity [26], is crucial for accurate measurement. There-
fore, while these previous methods provide relative cali-
brations of the intensities in the interaction region, their
relationship to the SI system, or any other standard sys-
tem of units, remains unclear.

Our calibration is relatively insensitive to laser param-
eters other than peak intensity. As shown in our previous
work [11], variations of the pulse duration by 10% may
cause a rescaling of the overall yield, but cause < 1%
shifts in the retrieved intensity. Similarly, the calibra-
tion is not overly sensitive to the precise form of the
beam profile: we achieve good theory-experiment agree-
ment for H with beam M2 factors as high as 1.5. In
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FIG. 2. (Color online) Top row: intensity-calibrated experimental data (black circles) for (a) Ar+, (b) Kr+, and (c) Xe+

compared with theoretical predictions from 3D-TDSE (blue, dot-dashed line), ADK (red, dashed line), and Emp-ADK (green,
dotted line) models, as well as the phenomenological model given by Eq. (3) (cyan, solid line). The only fit parameter is
the overall rescaling of yield, A. In some cases, the error bars on the data are smaller than the symbols. Bottom row:
normalized residuals for (d) Ar+, (e) Kr+, and (f) Xe+, for each theoretical prediction, shown as percentage deviations from
the experimental yield data for the respective gas targets.

most experiments with molecular beams, including ours,
the focal volume averaging is independent of M2 so long
as the transverse intensity distribution is Gaussian and is
constant within the interaction region. As long as these
conditions are satisfied, Eq. (4) would be expected to
hold even for much larger values of M2. While the cali-
bration can presently only be used for wavelengths near
800 nm, our simulations show that changes of the wave-
length by 50 nm do not affect the retrieved intensity
within error. This lack of sensitivity is expected since
our laser bandwidth is > 200 nm. Finally, the calibra-
tion can tolerate laser pulse energy fluctuations of at least
0.7% (root-mean-square) as independently measured on
a photodiode. We achieve good theory-experiment agree-
ment for H at this level of fluctuation.

Other laboratories can transfer our calibration stan-
dard to lasers of widely different pulse durations or wave-
lengths, without the use of an H source, by the following
procedure. (i) Calibrate the intensity of a standard few-
cycle laser near 800 nm by measuring one of Ar+, Kr+ or
Xe+ photoion yields. (ii) Measure the ratios of the beam
parameters used in Eq.(2) between the new and stan-
dard laser. These ratios can be measured much more
accurately than the parameters themselves. From these
ratios, derive an absolute calibration of the new laser’s
intensity. (iii) Measure Ar+, Kr+, or Xe+ photoion yield
as a function of the new laser’s intensity. The data for
the new laser are known to be accurate, since they are

referenced to our data by steps (i) and (ii). Finally, (iv)
construct a phenomenological fitting function for the new
data, to be used in the same way as Eq. (3) above. A
method for intensity calibration for apparatus in which
an atomic beam is not employed has also been provided
in the Supplementary Information.

We have presented photoionization yield measure-
ments with an accuracy that improves on previous mea-
surements by an order of magnitude. Our data are ob-
tained in a regime of laser pulse duration and inten-
sity that is widely used for attosecond science, and can
be used to benchmark measurement techniques in that
field. The measurements are certified at the percent level
through the observation of theory-experiment agreement
for H. Using the noble gas data presented here, other
laboratories can verify the accuracy of their measure-
ments, calibrate their apparatus, and obtain similarly
accurate data for other atomic and molecular species.
In the meantime, our data provide the first accurate ref-
erence for simulations of strong-field phenomena involv-
ing few-cycle ionization. Finally, we have presented a
transferrable calibration of laser intensity that provides
an order-of-magnitude accuracy improvement. The stan-
dard is readily accessible to laboratories using few-cycle
800 nm lasers and can be further transferred to other
laser systems, enabling the correct measurement and in-
terpretation of intensity-sensitive phenomena in strong-
field ionization.
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Transverse electron momentum 
distribution in tunneling and over 
the barrier ionization by laser 
pulses with varying ellipticity
I. A. Ivanov1,2, A. S. Kheifets2, J. E. Calvert3, S. Goodall3, X. Wang3, Han Xu3, A. J. Palmer3, 
D. Kielpinski3, I. V. Litvinyuk3 & R. T. Sang3

We study transverse electron momentum distribution in strong field atomic ionization driven by laser 
pulses with varying ellipticity. We show, both experimentally and theoretically, that the transverse 
electron momentum distribution in the tunneling and over the barrier ionization regimes evolves in a 
qualitatively different way when the ellipticity parameter describing polarization state of the driving 
laser pulse increases.

A highly non-linear interaction of ultra-short light pulses with matter enabled studying electron dynamics on the 
atomic time scale and facilitated emergence of the attosecond science1. In addition, strong field atomic ionization 
proved itself a potent tool to interrogate atomic and molecular orbital structure via high order harmonic radia-
tion2, tunneling and diffraction3 or tunneling and momentum imaging4. This utility of strong field atomic ioniza-
tion is based on the electric field of the laser pulse bending the Coulomb barrier and letting a bound electron to 
tunnel out from an atom or a molecule.

Within the premise of the Keldysh theory5, this tunneling regime of strong field ionization corresponds to a 
small value of the adiabaticity parameter γ ω= / <I E2 1p  defined via the frequency ω and the strength E of the 
laser field and the ionization potential Ip of the target atom (the atomic units are used in the paper unless other-
wise specified). A finer distinction arises when one realizes that the Keldysh theory in its original form is not 
applicable for very high field strengths exceeding the over the barrier (OBI) limit. The OBI regime was first 
observed in6 (see also7 for a detailed review). The Keldysh theory in its original form fails in the OBI regime 
because there is a classical escape trajectory for an electron. One cannot, therefore, rely on the saddle point 
method that Keldysh employed in his original work. The so-called Keldysh-Faisal-Reiss (KFR) theory8,9 must be 
used instead to describe the OBI regime. We also note that the Keldysh theory5 and its subsequent developments 
and generalizations10–13 describe the quasistatic limit of small laser pulse frequencies. In strict terms, the Keldysh 
approach provides a leading-order term in the asymptotic expansion of the ionization rate, a systematic way to 
obtain higher order terms is described in14,15.

Despite the fact that underlying physics is very different in the two regimes (a classically forbidden trajectory 
for tunneling and a classically allowed trajectory for OBI), the energy spectra and electron angular distributions as 
given by these two theories are not dissimilar. In this work, we demonstrate that the transverse electron momen-
tum distribution (TEMD) is a measurable quantity that is qualitatively different in the tunneling and the OBI 
regimes. This distribution (also known in the literature as the lateral electron momentum distribution16) gives the 
probability to detect a photoelectron with a given value of the momentum component p⊥ perpendicular to the 
polarization plane of the laser radiation. We are concerned with the TEMD observed in the experiment which is 
measured at the detector after the laser pulse has finished. In the tunneling regime, TEMD exhibits a cusp-like 
structure due to the Coulomb focusing effect at p⊥ =  0 for linear polarization17, and a Gaussian-like structure 
predicted by the Keldysh theory for circular polarization4. We studied this transition from the cusp-like to the 
Gaussian structures in detail in the tunneling regime18, and interpreted this transition as a gradual diminishing of 
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the role of the Coulomb effects with growing ellipticity of the laser pulse. Further study of the role of the Coulomb 
focusing effects was reported in19. We shall see below that the situation is quite different in the OBI regime, where 
the TEMD always has a cusp regardless of the value of the ellipticity parameter. As a result of this qualitatively 
different behavior of the TEMD, one can clearly distinguish the tunneling and OBI regimes. This is an important 
result since the TEMD conveys information about the fine details of the strong field ionization process20,21. One 
such detail is the electron velocity distributions at the moment of time when ionization occurs, which is often 
used in various models of strong field ionization. The omnipresence of the cusp in the OBI regime also makes it 
unsuitable for momentum imaging proposed in4,16.

Methods
As the case study, in the present work we select two markedly different atomic species: the argon atom in the 1S0 
ground state and the neon atom in the 3P2 metastable state with the ionization potentials of 15.76 eV and 5.07 eV, 
respectively. An estimate for the critical field corresponding to the onset of OBI can be found from the equation 

/E I 2pobi
2  which follows from considering the hydrogen atom placed in an external field using the parabolic 

coordinates22. This rough estimate, which does not account for the above-barrier reflection7 and the Stark shift, 
places the OBI onset of at Ar 9.9 ×  1014 W/cm2 while for Ne* this onset starts at 1.1 ×  1013 W/cm2. This comforta-
ble two orders of magnitude difference allows to drive these targets to the tunneling and OBI regimes with com-
parable laser intensities in the same experimental set up (Ar@ 4.8 ×  1014 W/cm2 and metastable Ne* @ 2 ×  1014 W/
cm2, both corresponding to a similar adiabaticity parameter γ . 0 7 at 800 nm). To our knowledge the only 
known momentum imaging experiment in similar OBI regime was reported on Li23.

Experimental setup and procedure. A schematic representation of the experiment is shown in Fig. 1. 
The ultrafast light pulses are produced by a commercially available chirped-pulse amplification laser system 
(Femtolasers, Femtopower Compact Pro CE Phase). The light pulses are generated, stretched, amplified and then 
compressed in the system. The germanium plates are positioned at the Brewster’s angle and used together with 
the half waveplate to provide power control of the beam with a linear polarisation. The glass wedges are used to 
provide final adjustment to the group dispersion delay of the laser pulse, and hence control the pulse length. The 
quarter waveplate is used to provide a degree of ellipticity to the laser beam. The pulse repetition rate is 1 kHz. 
Typically, the system is run a pulse duration of 6.3 fs, as measured with an autocorrelator. The laser can produce 
maximum pulse energies of approximately 450 μJ. The pulse train is focused down to a spot size of ≈ 7.25 μm 
radius (FWHM) at the interaction region of the electron detection device. The electron detection device is a 
reaction microscope (REMI). In the interaction region of the REMI, the laser pulse ionizes atoms from a target 
atom beam. Photoionised electrons are directed towards one detector by utilising an electric field provided by 
an array of copper plates. Likewise, positive ions from interaction events are similarly directed towards a sep-
arate detector, however this data is not used for this experiment. The electron detector is a position dependent 
delay-line time of the flight detector. This allows for the determination of the momentum vectors of the ionized 
electrons. More information on the experimental setup can be found in24. The Ar beam is provided by a cold gas 

Figure 1. Schematic representation of the experiment. 
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jet source. Metastable 3P2 neon atoms are produced by a gas discharge source, which uses a DC discharge across a 
supersonic gas expansion region to excite approximately 1% of neon atoms in a gas jet into the correct state. The 
flux of metastable neon atoms is improved by the optical collimation technique that take advantage of the 640 nm 
closed optical transition to the 3D3 state. Further details of this gas source can be found in25,26.

The experimental results are taken for metastable 3P2 neon as follows. Firstly, the pressure in the REMI cham-
ber is reduced below 5 ×  10−10 Torr, the limit of the vacuum gauges. At this point, neon gas is fed into the chamber 
through the cold jet gas source. Ion momentum distributions of ground state neon ionisation are taken at varying 
laser powers, for both linear and circular polarisations. This data is used to create a calibration curve for the 
intensity of the laser pulse at the interaction region as per the method described in27. Next, the metastable neon 
source is engaged and the intensity of the laser pulse is set to 2 ×  1014 W/cm2. We have determined that 90 percent 
of the measured ionization rate comes from OB ionization which has been confirmed though the measurement of 
the momentum distributions of ionized electrons in the plane of the laser polarization using circularly polarized 
light. The ellipticity parameter of the laser pulses is set to ε =  0 with the quarter waveplate, by aligning the fast 
axis of the waveplate with the polarisation axis off the germanium plates. The REMI is set to integrate results over 
1.8 ×  106 laser pulses. The transverse electron momentum data is extracted from the software controller of the 
REMI as a number density map. This information is binned, integrated and normalised to give a plot of ionisation 
rate (W(p⊥)) as a function of transverse electron momentum (p⊥). This process is repeated for ε =  0.42 and ε =  1.

Experimental results for Ar are taken in a similar way, replacing the metastable 3P2 neon atoms from the DC 
discharge source with argon atoms from the cold gas jet source.

Theoretical methods. Our theoretical results are obtained by solving the time-dependent Schrödinger 
equation (TDSE):

∂Ψ( )/∂ = ( + ( ))Ψ( ). ( ) i t H H tr r 1atom int

To describe the field-free Ar and metastable Ne* atoms, we used effective one-electron potentials28. The inter-
action of the atom with the laser pulse is described in the velocity form of the interaction operator:

( ) = ( ) ⋅ . ( ) ^H t tA p 2int

where A(t) is the vector potential of the laser pulse. The laser pulse is elliptically polarized and propagates along 
the z-direction which is assumed to be the quantization axis:
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ω ε
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1
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where ε is the ellipticity parameter. The function f(t) =  sin2(πt/T1), with T1 being the total pulse duration, is 
used to represent the pulse envelope. For the Ar atom, the field strength was E =  0.1171 a.u. corresponding to 
the experimental peak intensity of 4.8 ×  1014 W/cm2. For the metastable Ne* atom, E =  0.0756 a.u. with the peak 
intensity of 2 ×  1014 W/cm2. The carrier wavelength λ =  800 nm and the FWHM of 6 fs were the same for Ar and 
Ne*.

To solve the TDSE we employ the strategy used in the previous works18,29,30. The solution of the TDSE is rep-
resented as a partial waves series:

∑ ∑ θ φΨ( , ) = ( , ) ( , ).
( )µ

µ µ
= =−

t f r t Yr
4l

L

l

l

l l
0

max

The radial part of the TDSE is discretized on the grid with the stepsize δr =  0.1 a.u. in a box of the size 
Rmax =  400 a.u. The maximum orbital momentum in Eq. (4) was restricted to Lmax =  60. Convergence with respect 
to variation of δr, Rmax and Lmax was carefully monitored. The matrix iteration method31 was used to propagate 
TDSE in time. Ionization amplitudes a(p) were obtained by projecting the solution of the TDSE after the end of 
the pulse on the set of the ingoing scattering states Ψ ( )− rp  of the target atom. The TEMD W(p⊥) was calculated as

∫( ) = ( ) , ≡ . ( )⊥ ⊥W p a d p d p p pp 5x y z
2

Results
Experimental and theoretical TEMD results for Ar are shown in Fig. 2. A general trend of the calculated TEMD 
with increase of ellipticity is very similar to that reported previously for the simulations of the hydrogen atom18. 
The cusp-like structure is present for linear polarization and it gradually evolves into a Gaussian distribution as 
the ellipticity parameter increases. Agreement between the theory and experiment is good for linear polarization 
but gradually deteriorate with an increase of ellipticity.

Figure 3 presents the theoretical and experimental TEMD results for metastable Ne*. In this target atom, the 
TEMD evolution with the ellipticity parameter is greatly reduced with the cusp clearly present even for the cir-
cularly polarized pulse. Similar to Ar, agreement between the theory and experiment progressively worsens from 
the top to bottom panels.

To analyze the cusp in more detail, we zoomed in on the narrow range of momenta ≤ . . .⊥p 0 25 a u  and ana-
lyzed the function V(p⊥) =  ln W(p⊥) in this interval. For the TEMD W(p⊥) to have a cusp, V(p⊥) should have an 
infinite derivative of some order and have an expansion near p⊥ =  0:
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( ) = + . ( )α
⊥ ⊥V p B A p 6

Such expansions, in fact, reproduce ( )⊥ V p 0  very well as was shown in18.
The same functional form (6) was used to fit both the theoretical and experimental data for the ground state 

Ar and the metastable Ne* in the whole range of ellipticities by considering the coefficients A, B, α as fitting 
parameters. The most essential α parameters are shown in Fig. 4 for Ar (top) and Ne* (bottom). Both theoretical 
and experimental values are shown with error bars which represent the fitting error. For the theoretical data, this 
error does not exceed a fraction of a percent and is not visible on the scale of the figure.

Discussion
The α parameters shown on the top and bottom panels of Fig. 4 demonstrate a qualitatively different behavior as 
functions of the ellipticity. For the Ar atom, the α parameter grows with ε reaching the value close to 2 for circular 
polarization. This implies that TEMD becomes close to a Gaussian σ( ) ∝ (− / )⊥ ⊥W p pexp 2 2  with the Gaussian 
width related to the fitting parameter σ = / −A1 . The corresponding numerical values of 0.25 ±  0.002 and 
0.28 ±  0.02 for the TDSE and experiment, respectively, are close to the experimental values reported in4 for com-
parable field intensities. In the meantime, the α parameters for the metastable Ne* atom remain essentially flat, 
indicating that a cusp-like behavior is present for all ε in the range from linear to circular polarization. In this 
case, extraction of the Gaussian width parameter is not possible even for the circular polarization. Several TDSE 
calculations performed for different field intensities did not show any considerable variation of the cusp width. 
However, the Gaussian width varies with the field strength as σ ∝ /E1 2. This may explain, at least partially, devi-
ation between the measured and calculated TEMD with circular polarization due to the variation of the field 
strength across the laser-atom interaction region while the calculation was performed at a single nominal field 
intensity. TDSE calculations for the polarization of the driving pulse other than linear are genuinely 

Figure 2. TEMD of Ar (multiplied by 103) for ellipticity parameters ε = 0, 0.42, and 1 (from top to bottom). 
TDSE calculation is shown by a (red) solid curve (shaded for a clearer appearance), experimental data are 
plotted with error bars. The peak intensity of the laser pulses is 4.8 ×  1014 W/cm2.
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3D-calculations which makes them quite time-consuming, thereby effectively precluding focal volume and 
carrier-envelope phase averaging of theoretical data.

While the Ar case shows the behavior qualitatively similar to that found previously for hydrogen18, the met-
astable Ne* presents a different trend, with the cusp never disappearing completely. In this case, a simplified 
description based on the Keldysh theory is never correct even qualitatively. This qualitative difference can be 
explained by the different ionization regimes for Ar and metastable Ne*.

The TEMD cusp disappearance with increasing ε can be related to a dramatic change of the angular momen-
tum composition of the ionized electron wave function18. This composition is characterized by the distribution 
of the norm Nl of the wave function obtained if only the terms with spherical harmonics of rank l are retained 
in expansion (4). For a tunneling process this distribution is shifted towards larger l with increasing pulse ellip-
ticity parameter. Indeed, tunneling can be viewed as a non-resonant absorption of a large number of photons. 
Absorption of a photon from the circularly polarized wave increases the magnetic quantum number by one unit. 
This leads to a prevalence of high angular momenta in the partial wave expansion (4). High angular momenta 
create large centrifugal barrier preventing recolliding electron trajectories, thereby suppressing the Coulomb 
focusing effects. The cusp, therefore, vanishes for polarization close to circular, as in the case of Ar reported here, 
or hydrogen18. The situation with the metastable Ne* is completely different. OBI dominates in this case, and since 
OBI is essentially a distortion of the atomic potential to the degree, that there is effectively a zero barrier to the 
continuum, the atom does not have to absorb many photons to become ionized. The distribution Nl, therefore, 
is peaked at lower values of the angular momenta. That this is indeed the case can be seen in Fig. 5, where the 
distributions Nl are shown for Ar for the intensity of 4.8 ×  1014 W/cm2 (tunneling) and Ne* for the field inten-
sity of 2 ×  1014 W/cm2 (the OBI regime). Smaller angular momenta enhance the area near the origin where the 
Coulomb focusing effect is strongest. Larger angular momentum components are repelled from the origin due to 
the centrifugal barrier. Hence in the former case the cusp is always present whereas in the latter case it gradually 
vanishes. This corresponds to a classical trajectory starting from the origin whereas a tunneling trajectory starts 

Figure 3. TEMD of metastable Ne* for ellipticity parameters ε = 0, 0.42, and 1 (top to bottom). TDSE 
calculation is shown by a (blue) solid curve (shaded for a clearer appearance), experimental data are plotted 
with error bars. The peak intensity of the laser pulses is 2 ×  1014 W/cm2.
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at the point of exit from the tunnel. In the OBI regime the electron’s classical trajectory starts at the ion core 
regardless of the polarization of the laser pulse, which may be enough for the efficient Coulomb focusing even if 
the trajectory never returns to the core.

Figure 4. The fitting parameter α in Eq. (6) as a function of the ellipticity parameter ε for Ar (top) and Ne* 
(bottom). TDSE results are shown with squares (a smooth solid line is to guide the eye). The experimental data 
points are shown with error bars.

Figure 5. Angular momentum distribution Nl for Ar@ 4.8 × 1014 W/cm2 (top) and metastable Ne* @ 
2 × 1014 W/cm2, bottom). Laser field is circularly polarized.

180 APPENDIX B. PUBLISHED ARTICLES



www.nature.com/scientificreports/

7Scientific RepoRts | 6:19002 | DOI: 10.1038/srep19002

To summarize, we described an effect of bending the Coulomb barrier of the atom on the transverse electron 
momentum distribution (TEMD) in strong field ionization in the tunneling regime. This fundamental effect, 
which should be present in any atomic or molecular target, is measured experimentally and modeled theoretically 
in two markedly different species: the ground state Ar and metastable Ne*. The effect is substantial, it has never 
been described or observed before and it enables a clear distinction between the tunneling and OBI regimes in 
the experiment. Also, it has to be taken into account when using TEMD data to interrogate electronic orbitals of 
the target.

Finally, we note that the cusp disappearance in the case of circular polarization may seem to follow from a 
classical consideration. Indeed, in the circularly polarized field, the two orthogonal field components drive the 
photoelectron away from the ionized core thus reducing the Coulomb focusing effect. This classical considera-
tion, however, fails to explain qualitatively different TEMD behavior in the tunneling and OBI regimes observed 
in the present study.
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function [m]=batchADK

%%%The following two lines of code define what atom is being used%%%
%%%and more importantly, the power range of the laser beam%%%

%%%IT IS VERY IMPORTANT TO CHECK THIS WHEN USING A NEW THEORY LOOKUP
%%%TABLE - REASON BEING IS THAT IF THIS GENERATES LASER INTENSITIES
%%%OUTSIDE THE LOOKUP TABLE, THE GENERATED SPLINE DATA WILL BE BOGUS

maxavgpower = linspace(0.1*10^-3,50*10^-3,50);     %defines laser input
                                                   %power into coltrims (W)
flag_species1 = 'Ne*';

intenscalibration = 9.7*10^15; %calibration constant for measured laser
                               %power to intensity at coltrims focus
                               %(W/cm^2)
intenscalibration = intenscalibration*10000;   %now in W/m^2
lambda = 760*10^-9;            %central wavelength of the laser in metres
reprate = 1000;                %laser pulse repetition rate in Hz
pullength = 6.3*10^-15;        %laser pulse length in seconds

zlength = 2*10^-3;             %width of z direction region of interest at
                               %the interaction region in metres (diameter)
abeamflux = 1.43*10^14;        %atom beam flux (atoms/steradian/second)
intrctionregiondis = 1.9;      %distance from source to interaction region
pulsenumber = 120000;          %total number of pulses
atombeamvel = 1000;            %atombeamvelocity in m/s

pulnrg = maxavgpower./reprate;      %laser energy per pulse
pulpow = pulnrg./pullength;         %pulse power
focsize = 1.5*10^-5;                %beam waist focus size (diameter, m)
rylghr = pi.*(focsize).^2/lambda;   %Rayleigh range
pkint = 2.*pulpow./(pi.*(focsize).^2);  %defines the peak laser intensity
                                        %at the origin of the cylindrical
                                        %polar coordinate system

indexing = size(maxavgpower,2);
m = zeros(3,size(maxavgpower,2));
m(1,:) = pkint;
m(2,:) = pkint./10000;

for i=1:indexing(end)
    intens = pkint(i)
    [L1,a]=area_ADK_rate_single(intens,flag_species1,zlength,...
        abeamflux,intrctionregiondis,pulsenumber,atombeamvel,...
        rylghr,focsize,lambda,pullength);
    m(3,i)=a;
    L1;

end
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m=m';
plot(m(:,2),m(:,3),'x')
end

Published with MATLAB® 7.14
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function [L1,output] = area_ADK_rate_single(pkint,flag_species1, ...
    abeamwidth,abeamflux,intrctionregiondis,pulsenumber,atombeamvel,...
    rylghr,focsize,lambda,pullength)
%2d area integral of modified ADK code

%
%defining code variables
%
gridsize = 20;                   %Number of points in the gaussian
                                 %integration to solve for

%
%Defining user variables for the laser and atomic beam for use in
%troubleshooting
%

%lambda = 760*10^-9;             %central wavelength of the laser in metres
%laspower = 110*10^-3;           %laser beam power as measured by power
                                 %meter, in watts
%reprate = 1000;                 %laser pulse repetition rate in Hz
%pullength = 6*10^-15;           %laser pulse length in seconds
%focsize = 7*10^-5;              %beam waist at focus (radius) in metres
%abeamwidth = 1.3*10^-3;         %atomic beam width at interaction region
                                 %in metres (diameter)
%abeamflux = 1.07*10^11;         %atom beam flux (atoms/steradian/second)
%intrctionregiondis = 1.9;       %distance from source to interaction
                                 %region
%pulsenumber = 300000;           %total number of pulses
%atombeamvel = 950;              %atombeamvelocity in m/s

%
%Defining the ionisation potentials to be used (all in eV)
%

%flag_species1 = 'Ne';              % flag the species.

% Set up the starting parameters for species 1
if (strcmp(flag_species1, 'H'))
        disp('H selected as species 1');
        Eion = 13.5984;
        alpha1 = 6;
        Z_c1 = 1;
    elseif (strcmp(flag_species1, 'Ne'))
        disp('Neon selected as species 1');
        Eion = 21.5646;
        alpha1 = 9;
        Z_c1 = 1;
        abeamflux = abeamflux*10000;
    elseif (strcmp(flag_species1, 'Ne*'))
        disp('Metastable neon selected as species 1');
        Eion = 5.1;
        alpha1 = 9;
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        Z_c1 = 1;
    elseif (strcmp(flag_species1, 'Ne+'))
        disp('Neon+ selected as species 1');
        Eion = 40.1;
        alpha1 = 8;
        Z_c1 = 2;
    else
        disp('Error, species 1 not valid')
end
%
%Derived variables
%

%rylghr = pi*(2*focsize)^2/lambda;      %Rayleigh range
%pulnrg = laspower/reprate;             %laser energy per pulse
%pulpow = pulnrg/pullength;             %pulse power
%pkint = 2*pulpow/(pi*(focsize)^2);     %defines the peak laser intensity
                                        %at the origin of the cylindrical
                                        %polar coordinate system
Eaufactor = 27.21;              % conversion factor eV to atomic units
Eion = Eion/Eaufactor;          % Eion in au

%
%The meat and bones
%

zsep = abeamwidth/gridsize;             %separation of z axis points, which
                                        %is basically the width of the
                                        %atomic beam divided by the number
                                        %of grid points in that axis
maxbsize = 4*focsize...
    *sqrt(1+((abeamwidth/2)/rylghr)^2); %defines our grid maximum width in
                                        %the radial axis as being 4 times
                                        %the gaussian width of the laser
                                        %beam at the edge of the
                                        %atomic beam.
rsep = maxbsize/gridsize;               %separation of radial points on
                                        %the grid

for i=1:gridsize+1
    z = 0-(abeamwidth/2+zsep)+i*zsep;   %defines the distance along
                                        %the z direction, where our z
                                        %ranges from -abeamwidth/2 through
                                        %to +abeamwidth/2
    %i

    for j=1:gridsize+1
        r = 0+(j-1)*rsep;                        %defines the location in
                                                 %the radial direction at
                                                 %this value of z.

        pntint = (pkint/(1+(z/rylghr)^2))*exp ...
            (-(r^2)/(focsize^2*(1+(z/rylghr)^2)));  %defines the intensity
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                                                    %at this given point
        [N1] = ADK_rate_general_single(Eion,lambda,pntint,pullength);
                                %calls the ADK rate calculator function
        M1(j,:) = N1;                   %pulls N1 (ionisation probability)
                                        %from the ADK function and sets it
                                        %up for these loops
    end
    K1(:,i) = M1;
end

finersep = rsep/10;
radvec = 0:rsep:maxbsize;               %sets up the radial integral range
fineradvec = 0:finersep:maxbsize;
finezsep = zsep/10;
zvec = 0-abeamwidth/2:zsep:abeamwidth/2;%sets up the z integral range
finezvec = 0-abeamwidth/2:finezsep:abeamwidth/2;

[spldat1] = focalavg_mk2(K1,radvec,fineradvec,zvec,finezvec);
                        %focal averaging along z and r axis

angle3d = 4*pi*(sin(( ...
    (abeamwidth/2)/intrctionregiondis)/2))^2; %3d angle subtended by the
                                              %atomic beam from the source
                                              %across the width of the
                                              %interaction region
intrctionflux = abeamflux*angle3d;            %atomic flux in the
                                              %interaction region as a
                                              %function of atoms/s
dens = intrctionflux/ ...
    atombeamvel/(pi*(abeamwidth/2)^2);  %atomic density over a one metre
                                        %long cylinder as defined by the
                                        %atomic beam velocity
rdens = dens*finezsep* ...
    pi*finersep*(finersep+2*fineradvec);%generates the volume density
                                        %doughnuts at each r value
L1 = zeros(size(finezvec,2),size(fineradvec,2));

for i=1:size(fineradvec,2)
    for j=1:size(finezvec,2)
    L1(i,j)=rdens(i)*spldat1(i,j);
    end
end

L1 = L1*pulsenumber;                %multiplies the ionisation rate by the
                                    %number of pulses

output = sum(sum(L1));
end
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function [ioncount]= ADK_rate_general_single(Eion,lambda,pkint,Tpul)
%Calculates the rate of ionisation for a pair of ions using modified ADK
%theory.  Modification allows ADK to work in a higher pulse energy regime
%where above barrier ionisation is more prevalent than tunneling
%ionisation.

Efc=5.14*10^11;                 % conversion factor for E field strnegth
                                %into atomic units

QN = 1/sqrt(2*Eion);            % n* for the first ion
Ain = sqrt((pkint)*754);        % Electric field amplitude in V/m
Ain = Ain/Efc;                  % E-field amplitude in atomic units
Tpul = Tpul*4.1322E16;          % Pulse FWHM in atomic unit
Tf = Tpul*0.84932;              % modified value for pulse length for use
                                % in pulse equation gaussian profile eqn
wl = lambda/(5.292*10^-11);     % wl in au
fr = 137.26/wl;                 % frequency in au
wo = 2*pi*fr;                   % central angular frequency of carrier wave
TT = 2*pi/wo;                   % period of carrier wave
Nx = 10000;                     % Number of time steps
HT = 4*Tf/Nx;                   % Sample point location along the pulse
    for i=1:Nx
    T = i*HT;
        E(i)=Ain*exp(-(T-2*Tf)...
            ^2/Tf^2)*cos(wo*(T-2*Tf));  % generates a pulse measured in
                                        % E-field magnitude as a function
                                        % of time
        %int(i)=Ain*exp(-...
            (T-2.0*Tf)^2/(Tf)^2)^2;     % generates an intensity envelope
                                        % for troubleshooting
        %totint(i)=E(i).^2;
    end
N(1)=1.;                                % loop setup
N1(i)=0.;
T(1)=0.;
Rint=0.;
    for i=1:Nx                  % loop runs until the second last
                                % sample point
        T(i+1) = i*HT;          % time at sample point i
        F = abs(E(i))/sqrt(2*Eion);
        C2=2^(2*QN)/(QN*gamma(QN+1)*gamma(QN));
        Rate1(i)= Eion*C2*(4*Eion/F)...
            ^(2*QN-1)*exp(-4*Eion/(3*F)); % ionisation rate at sample
                                          % point i for ion 1.
                                          % assuming that hbar is 2pi in
                                          % this au system, so that wp
                                          % is effectively 2*pi*Ip
        Rint=Rint+Rate1(i)*HT;            % stores a sum of rates for all
                                          % values of i up until the
                                          % current loop iteration
        N(i+1)=exp(-Rint);                    % Number of Neutrals
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        N1(i+1)=1.-N(i);                      % Number of Single Ions
        %Rate1(i)=Rate1(i)*N(i);

    end
finProb1 = N1(end);
ioncount = finProb1;%*pointdens;
%Neutral=1-N;

%plot(N)            %Plots for troubleshooting purposes
%hold on
%plot(N1,'r')
%plot(E,'g')
end
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function [spldat1] = focalavg_mk2(intdata,radial,fineradial,zsplit ...
    ,finezsplit)

% this function outputs 'favg', which is 2D focal-averaged data over the
% dataset 'intdata' and 'radial', re-sampled over a finer-radiality grid
% 'fineradial'.

% intdata is a 2D array with probability in dim1 and radial displacement in
% dim2 eg intdata is a 500x8 array, where the 500 values in dim1 correspond
% to the probability of ionising an atom and ejecting an electron with an
% energy of [1ev, 2ev, 3ev, ..... 498 eV, 499 eV, 500 eV] over 8 radial
% points [1, 2, ... 7, 8]x10^14 W/cm^2

% in this example, the radial array would be [1, 2, 3, 4, 5, 6, 7, 8,]
% 'fineradial' is a resampling over radial distances with finer steps, eg
% linspace(1, 8, 100) would create a vector of radial points between 1 and
% 8 in 100 steps by interpolating the data points of the original
% radial points (by generating a spline)

% 'favg' is the focal-averaged data
% 'spldata' is an exact replica of the original 'intdata', but re-sampled
% over finer radial steps.

spldat = zeros(size(intdata,1),size(fineradial,2));
spldat1 = zeros(size(finezsplit,2),size(fineradial,2));

for j = 1:size(intdata,1)
    % use logarithm of data in interpolation to ensure integrand > 0
        spl = pchip(radial,(intdata(j,:)));
                    % generate shape-preserving interpolant
        spldat(j,:) = ppval(spl,fineradial);
            for l = 1:size(spldat,2)
        %generate a spline in the other axis
        spl1 = pchip(zsplit,(spldat(:,l)));
        spldat1(:,l) = ppval(spl1,finezsplit);
            end
end
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