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ABSTRACT

Strong and ultrastrong field light-matter interactions encompass topics across

atomic and molecular physics, high harmonic generation, fusion science, quantum con-

trol, and molecular imaging, which includes x-ray ionization, multi-photoionization,

tunneling ionization, and classical over the barrier ionization. Current laser technology

has enabled us to generate terawatts (1012 watts) or even petawatts (1015 watts) of

optical power, while being focused down to spots as small as few micrometers, can

generate peak intensity up to 1022 W/cm2. The traditional understanding of light-

matter interactions breaks down at these extremely high intensities as the liberated

photoelectrons possess speed highly close to that of light (v/c ≈ 1) therefore entering

the relativistic regime. Furthermore, the dynamics of relativistic photoelectrons change

significantly since the effect of the laser magnetic field is no longer negligible. Tradi-

tional laser-matter spectroscopy techniques fail to accurately analyze photoelectrons

and ions from ultrahigh intensity studies with terawatt and petawatt laser systems.

The work presented in this dissertation is to offer some insights and measurements

of photoelectron yields and energies of the ionization of chloromethane (CH3Cl) and

argon (Ar) in an ultrastrong laser field with intensities up to 1019 W/cm2 as well as

present a magnetic deflection, photoelectron spectrometer for ultrahigh intensity (1019

W/cm2) laser interactions with atoms and molecules in the single atom/molecule limit,

includes the spectrometer fabrication and calibration, noise background as well as ex-

ample photoelectron spectra for argon and chloromethane over an energy range from

20 keV to 2 MeV.

xvi



Chapter 1

INTRODUCTION

1.1 Motivation

The interactions between light and matter have always been an important field

in fundamental science. During the past few decades, the boundaries of this elementary

interaction have been pushed by the rapid development of strong and ultrastrong fields

of light. Strong and ultrastrong field light-matter interactions encompass a broad range

of topics including the ultimate energy limit of [1] coherent x-ray generation [2] by high

harmonic generation [3], pair creation [4], laser initiated nuclear reactions [5], and high

field vacuum-polarization effects [6] to name a few.

Electrical field strength and magnetic field strength of such ultrahigh intense

laser field can go up to 1012 V/cm and 108 T, respectively. Atoms and molecules

exposed to such tremendous fields ionize dozens of electrons with merely a few opti-

cal cycles of the laser field. Photoelectrons in this extreme environment can absorb

hundreds of thousands of laser photons and having energy up to MeV level, therefore,

entering the relativistic regime. Furthermore, the dynamics of relativistic photoelec-

trons presents a new frontier for light-matter interactions due to the inclusion of the

laser magnetic field. Considerable photoelectron energies and more complicated photo-

electron trajectories have a significant impact on the scattering process and radiation

mechanisms occurring in the ultrastrong field. The dynamics of atoms and molecules

in ultrahigh intensity field is still under-investigated and is an area of exciting new sci-

ence. The new frontiers in high intensity laser science include, for example, attosecond

science, high energy density physics, astrophysics, particle physics, nuclear physics,

and laser-driven neutron and positron sources. Many experiments performed with ter-

awatt and petawatt lasers address topics in relativistic laser-plasma physics and high
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energy density science [7]. Fundamental studies of atoms and molecules continue to be

of interest in their own right and as part of the single particle response that forms the

underpinnings within relativistic laser plasma physics and high energy density science.

Strong field atomic ionization is also one of the limited numbers of options [8] available

to independently measure the peak intensity at the laser focus.

1.2 Description of Laser

Lasers are devices that generate or amplify coherent radiation at frequencies

in the infrared, visible, or ultraviolet regions of the electromagnetic spectrum. The

beams of radiation that lasers emit or amplify have remarkable properties of continuity,

spectra purity, and intensity [9]. These properties have already led to an enormous

variety of applications. The essential elements if a laser device is the following. A gain

medium consisting of an appropriate collection of atoms, molecules, ions or in some

cases semiconducting crystals, a pumping process to excite these medium in to higher

energy levels, and suitable optical feedback elements that allow a beam of radiation

to either pass once through the laser medium or bounce back and forth repeatedly

through the laser medium.

If we are only to consider the case of linearly polarized light and treat the

electromagnetic field classically, which is the case in the experiments discussed in this

work, we can write the laser electric and magnetic field as.

E = E0cos(ωt) (1.1)

H = H0cos(ωt) (1.2)

where c is the speed of light. ω = 2πf is the angular frequency, t is the time and E0

and H0 are the peak electric field and magnetic field, respectively.

The optical intensity, I, of a laser beam at some location, is, in most cases,

understood to be the optical power per unit area, which is transmitted through an

imagined surface perpendicular to the propagation direction. The units of the optical

2



intensity (or light intensity) are W/m2 or more commonly W/cm2. The intensity is the

product of photon energy and photon flux. For a laser beam with a flat-top intensity

profile, namely, with a constant intensity over some area and zero intensity outside,

the optical intensity is simply the optical power P divided by the beam area. For a

Gaussian beam with optical power P and Gaussian beam radius r, the peak intensity

on the beam axis is

Ipeak =
P

πr2/2
(1.3)

In order to obtain ultrahigh intensities, the laser beam needs to be tightly fo-

cused to an extremely small focal point. Here Ipeak introduces the Gaussian laser focus,

as the spatial profile of the experimental laser used in this study is Gaussian (TEM00)

Due to diffraction, a Gaussian beam will converge and diverge from an area

called the beam waist (ω0), which is where the beam diameter reaches a minimum

value, as shown in figure 1.1. The beam converges and diverges equally on both sides

of the beam waist by the divergence angle θ. The beam waist and divergence angle

are both measured from the axis, and Equation (1.4) and Equation (1.5) express their

relationship.

ω0 =
λ

πθ
(1.4)

θ =
λ

πω0

(1.5)

In the equations above, λ is the wavelength of the laser, and θ is a far-field

approximation. Variation of the beam diameter in the beam waist region is defined by:

ω(z)2 = ω(0)2 +
(
θ2z2

)
(1.6)

ω(z) =

√
1 +

(
λz

πω2
0

)
(1.7)

3



(a)

(b)

Figure 1.1: Beam profiles of a Gaussian laser focus. (a) Variation of the transverse
beam width, w, as a function of the axial distance, z. The minimum
beam diameter is w0. (b) The transverse intensity distribution of the
beam showing the TEM00 spatial profile at the laser focus.
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The Rayleigh range of a Gaussian beam is defined as the value of z where the

cross-sectional area of the beam is doubled. This occurs when w(z) has increased to 2

w0. Using Equation (1.5), the Rayleigh range (zR) can be expressed as:

zR =
πω2

0

λ
(1.8)

ωz = ω0

√
1 +

(
z

zR

)
(1.9)

This allows ω(z) to also be related to zR.

Therefore, the transverse intensity value of a Gaussian beam with peak power

P is given by

I (x, z) =
2P

πω (z)
· exp

(
− 2x2

ω (z)2

)
(1.10)

where x is the transverse distance measured from propagation axis. The volume,

V , of an isointensity profile of a Gaussian laser focus is defined as

V =
π2w4

0

λ

(
2

9
ξ3 +

4

3
ξ − 4

3
tan−1 (ξ)

)
(1.11)

where ξ =
√
I0/I − 1 and I0 is the peak intensity [10].

1.3 Ionization dynamics in intense Laser fields

The ionization of atoms by strong or ultrastrong laser fields plays an impor-

tant role in today’s ultrafast laser laboratories. It is at the basis of important tech-

niques such as high harmonic generation [11], which allows the production of attosec-

ond (1as = 10−18s) laser pulses [12], and furthermore allows the development of to-

mographic methods that make it possible to observe ultrafast electronic and atomic

movements on the attosecond to few femtosecond (1fs = 10−15s) timescale [13]. The

most straightforward mechanism is the single photon ionization, where atom absorbs

energy E = hv, from one photon, and released an electron to the continuum. Provided

that the energy absorbed is equal to the ionization potential, which usually occurs at

relatively low intensities in the order of 1012 W/cm2 or lower.
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(a) (b)

(c)

Figure 1.2: Schematic of (a) single photon ionization, (b) multiphoton ionization,
and (c) tunneling ionization mechanisms.
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A multiphoton process is defined here as the interaction between radiation and

matter, accompanied by absorption or emission of no less than two photons. The prob-

ability of such a simple act cannot be formally represented in the form of a product of

the probability of absorption and emission of individual photons [14]. As the intensity

of the incident radiation increases to 1012− 1014 W/cm2, the atom may absorb a suffi-

cient number of low energy photons each with energy hv to release an electron with an

ionization potential equal to the sum of the absorbed photon energies. This mechanism

is generally referred to as multiphoton ionization (MPI). If the atom absorbs N pho-

tons to release an electron with an ionization potential of Nhv, the process is known

as N-photon ionization. As the intensity increases further (> 1014 W/cm2), the field

strength of the incident radiation is strong enough to deform the Coulomb potential

of the atom and electron now tunnels through the suppressed barrier and enters the

continuum. As the intensity further increases, the barrier deformation increases allow-

ing successive tunneling of more tightly bound electrons [15]. Therefore, this process

where the electrons are ionized one after another in the increasing radiation field is

known as sequential ionization (SI). The method implemented by Ammosov, Delone,

and Krainov (ADK) [16] is considered the most valid and is widely being used in the

field of intense laser-matter interactions.

Once an electron is freed from an atom by an intense laser, it is accelerated by

the oscillating electric field. Before escaping entirely, it may recollide with its parent

ion [17]. This revisit of the electron may result in an excitation, may knock off one

or more electrons from the parent ion causing multiple ionization or recombine with

the parent ion and release energy gained by the field as high harmonic generation

(HHG). The existence of this nonsequential ionization (NSI) in multielectron atomic

systems subjected to intense laser fields has been observed experimentally [18, 19, 20].

The multielectron NSI process may increase the yield by several orders of magnitude

compared to SI yield [20].

As the laser intensity increases, ionization dynamics evolved from single photon

ionization to multiphoton to tunneling. To determine when this transition took place

7



(a) (b)

Figure 1.3: Schematic drawing of (a) initial ionization and then (b) recollide with its
parent ion.
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is essential, which is distinguished by Keldysh [21] parameter. In atomic units, the

Keldysh parameter is defined as

γ =
√
Ip/2Up (1.12)

where Ip is the ionization potential of atoms, Up = E2
0/4ω

2 is the ponderomotive

energy, ω is the laser angular frequency, and E0 is the electric field strength. Note that

tunneling ionization will dominate if γ < 1, while multiphoton ionization prevails when

γ > 1. A thorough understanding of atomic ionization in strong fields is essential for

further explorations and diverse applications [22].

Worth mentioning is that the above ionization mechanisms neglect the influence

of the laser magnetic field on the ionization processes, which is also known as the

dipole approximation. It has also has been shown that the dipole approximation yields

accurate values compared to a full classical electromagnetic laser field for intensities

up to 1023 W/cm2 [23]

1.4 The Ultrastrong Field and the Photoelectron Dynamics

Once the electron is released to the continuum, the properties of the radiation

field primarily governed its dynamic. If an electron ionized in a 1019 W/cm2 field

is accelerated by an average field half of that in the peak intensity region of focus,

by nonrelativistic kinetic equation v = at, its speed would surpass the speed of light

c within a quarter cycle, which strongly suggests that it has entered the relativistic

regime. Another way to look at the relativistic nature of such strong intensities is to

utilize the expression of nonrelativistic pondermotive energy.

Up =
e2E2

0

4meω2
(1.13)

which exceeds the rest energy of an electron. Since v/c ≈ 1 in this situation, the effect

of the laser magnetic field ~Blaser is no longer negligible and deflects the electron in a

direction perpendicular to its original path making the motion two dimensional. The

magnetic field from the laser radiation field could significantly affect the re-scattering
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dynamics and subsequent recombination by deflecting the returning electron away from

its parent ion. We use the Lorentz deflection parameter [24] to gauge the transition

of re-scattering dynamics from strong field to ultrastrong field, in atmoic units it is

defined as,

ΓR =

√
U3
p I

3
p

3c2ω
(1.14)

As the relativistic effects are in play for the atom-field interaction with the

observed effects scaling roughly as exp[ΓR], deflection becomes negligible when ΓR < 1

and it plays an important role when ΓR > 1.

1.5 Single Atom Response

In ultrastrong fields (1017 W/cm2 to 1020 W/cm2), an entire valence shell along

with several inner shell electrons can be ionized [25]. Relativistic laser-matter interac-

tions are mainly focusing on plasma physics and collective effects. A cogent description

of the single atom response is vital to understand atomic clusters [26], high density

targets [27], collision ionized electrons [28, 29], inner shell hole creation [30], radiation

physics [31], and molecular physics [32] in comparable fields [33].

Low sample gas densities are used to limit space charges and ensure that the

observed behavior is genuinely the response of a single atom. Plasma experiments

usually operate in a regime where the interparticle separation distance is on the order

of tens of nanometers [34]. The interparticle separation distance is well within the

regime of the single atom response within the study of this dissertation, as shown in

figure 1.4. There are only a few atoms at the center of the focus.

Experiments are limited to the spatial and temporal integration of the laser-

matter response. The abundance of the signal generated from the low intensity region

of the focus makes isolating the most intense interaction at the center of the focus

difficult. Therefore, isolating the desired signal and reducing the background noise in

order to extract any important information is one of the most critical tasks as well as

one of the most challenging issues in ultrastrong laser-matter interaction experiments.

10



Figure 1.4: Interparticle separation distance as a function pressure. Shaded area
represents the typical operating pressure during laser-matter experiments

11



1.6 Outline

The dissertation is organized as follows: Chapter 2 describes the laser system

used to create ultraintense laser fields used in the experiments. Chapter 3 presents the

design and fabrication of the home built photoelectron spectrometer used to measure

products from ultraintense laser-matter interactions. Chapter 4 discusses the calibra-

tion of the spectrometer using various beta emission sources. Chapter 5 shows the laser

ionization spectra collected by the spectrometer with atomic and molecular sample gas.

Chapter 6 summarizes the results obtained in the dissertation, and also discusses the

plans for some future experiments.
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Chapter 2

ULTRAFAST TERAWATT LASER SYSTEM

2.1 Introduction

High power ultrafast lasers are widely used to study processes initiated by the

interaction of light with matter. It is widely applied in experiments on photoexcitation

of gaseous, solid, and even liquid media. One of the most critical advances in laser tech-

nology is the chirped pulse amplification (CPA) technique, introduced by Strickland

and Mourou in 1985 [1]. Amplification of an ultrashort pulse can lead to uncontrollable

high intensities in the amplifier, nonlinear effects, and disastrous damage to the laser

cavity. The elemental concept behind the CPA technique is to stretch out an ultrashort

pulse in the time domain before any amplification, therefore avoid such effects. The

pulse is then compressed to its transform limited duration after the amplification. A

schematic drawing of the CPA technique is shown in figure 2.1. Another extraordinar-

ily significant breakthrough in the technology of ultrafast laser was achieved with the

demonstration of the self-mode-lock Ti: sapphire laser in 1991 [2]. Since then, people

obtained a dramatic reduction in achievable pulse duration [3, 4]. The self-mode-lock

technique, together with the concept of CPA, has led to a considerable increase in peak

power acquirable by laser systems [5].

Ultraintense fields are classified here as fields in the intensity range from 1017 to

1020 W/cm2. To achieve these intensities, one is required not only to develop a highly

stable laser system with well-controlled pulse characteristics in space and time but also

to design an interaction region to provide high signal to noise ratio and high dynamic

range.
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Figure 2.1: Schematic layout describing the chirped pulse amplification concept. Ini-
tial seed is typically stretched by a factor of 103–105 before amplification.
Subsequent to amplification (gain > 106 or higher), the amplified pulse
is compressed to its transform limited pulse duration using a pulse com-
pressor.
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2.2 Overview

The laser system used in this work is a home built chirped pulse amplification

terawatt laser system. Mode-locked laser pulses of 76Mhz repetition rate, 150mW av-

erage power with a pulse duration of 25fs, are generated from a Ti: sapphire oscillator.

In an optical stretcher, these pulses are stretched into 500ps. The stretched pulse train

is then selected at a 10Hz repetition rate and sent into a regenerative amplifier, where

the pulse energy is amplified into 5mJ/pulse. The output pulses are then delivered to a

multipass amplifier where the pulses are further amplified into 250mJ/pulse. Eventu-

ally, the laser pulses are sent to a compressor, where the pulse duration is compressed

into 40fs full-width at half-maximum (FWHM). We show a schematic drawing of the

laser system in figure 2.2.

2.3 Ti:sapphire Oscillator

The core of the entire laser system is the Kerr-lens mode-locked oscillator. We

use a Brewster-cut, 2.2 mm long Ti: sapphire crystal as the large-bandwidth [6] laser

gain medium that is continuously pumped by an intra-cavity doubled, diode pumped

532 nm laser. To realize mode-locking, we applied two Brewster-cut fused-silica prisms

in the cavity as the primary mechanism for dispersion compensation [7, 8]. Further-

more, a vertical slit is inserted into the cavity at the position right in front of the

output coupler [9]. The vertical slit provides high loss for the continuous wave (CW)

mode but low loss for the mode-locked mode so that the laser cavity selects the mode-

locked mode. We mount the vertical slit on a translation stage to provide the motion

perpendicular to the cavity beam; thus, one can realize the fine adjustment of the slit

position. At normal mode-locked operation, the slit is opened to 1mm in width. At 1.9

W pump power typical mode-locked power output is 160 ± 10 mW. As the spectral

bandwidth out of the oscillator is a vital parameter, which at narrow limits affects

the performance of the subsequent amplification stages, it is kept around 55 ± 5 nm

FWHM with a center wavelength of 790 ± 10 nm.
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Figure 2.2: Schematic drawing of the self-mode-lock chirped pulse amplification Ti:
sapphire laser system used in the dissertation study.
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2.4 Pulse Stretcher

Amplification of ultrashort pulses must be performed with utmost caution as

it can lead to permanent and catastrophic damage to laser gain medium and cavity

optics in optical amplifiers. Stretch out the short pulse in the time domain is crucial for

successful laser amplification. The stretcher consists of two 1200-grooves/mm gratings

put in parallel, one 8-inch diameter concave mirror, two folding mirrors, and one retro-

reflector. After the stretch, the seed pulses are stretched to 500ps FWHM with a

stretching factor of roughly 20000 times. Such a sizeable stretching ratio enables the

amplifiers to be operated well above the saturation fluence.

2.5 Regenerative Amplifier

The pulses of 76 MHz repetition rate from the oscillator are stretched in the

time domain and are sent into a dual crystal regenerative amplifier. The regenerative

amplifier is the first stage of the two-stage amplification. It selects pulses at a repetition

rate of 10 Hz and amplifies each pulse to 8 mJ with a gain factor of 107. We employed

low repetition rates since in high field experiments, the configuration of this kind is

capable of delivering a large amount of energy per pulse while still maintaining low

average power output. A ring-cavity configuration is used to maintain a high final

beam quality. Two Brewster-cut, 10 mm long Ti: sapphire crystals are utilized as the

gain medium and are differentially pumped by a 532 nm pump beam generated by

an intra-cavity doubled, Q-switched, Nd: YAG laser operating at 10 Hz rate. After

injection, the laser requires 16 to 18 round trips within the laser cavity while been

amplified. Worth mentioning, energy before the main pulse is a severe concern when

studying laser-matter interactions [10], in our operation, leakage pulse, have energy

less than 1% of the main pulse. An electronic optic modulator, pockels cell is used

to control the injection and the cavity dump. The final amplified energy after the

regenerative amplifier is approximately 5.0 mJ/pulse, with a conversion efficiency of

30%.
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2.6 Multipass Power Amplifier

If more power is desired, a multipass amplifier, which is the second and final

stage of amplification, was employed after regenerative amplifier to reach the millijoule

[11, 12] level with more energy from the pump lasers. Essentially, the amplified pulse

from the regenerative amplifier now acts as a seed pulse for the multipass stage and

crosses an anti-reflection (AR) coated 22 mm long Ti:sapphire gain medium five times

while the crystal is being optically pumped by an intra-cavity doubled, Q-switched,

Nd:YAG laser operating at 10 Hz rate. A micro-optic lenslet array is used to spatially

filter the pump beam in order to improve the spatial mode and reliability of the final

amplified beam. This technique minimizes the anomalies due to pump beam alignment

distortions and changes in the pump laser. As a result, this multipass amplifier can

amplify 6mJ pulses into 250mJ at a repetition rate of 10Hz. The green (532nm) energy

conversion efficiency is roughly 30%.

2.7 Pulse Compressor

One must compress the final amplified pulse back down to the femtosecond

(10−15 s) level to regain the optimum peak power. Due to material dispersion of the

optical components and gain media used in amplifiers, the final pulse is much longer in

the time domain than the initial pulse. Therefore, the final stage of the CPA technique

always consists of an efficient pulse compressor

The compressor consists of two parallel gratings, 1500 lines/mm, and a retro-

reflector in a double pass arrangement [13]. The gratings must be aligned to an accuracy

of less than a milliradian to balance the group delay of the stretcher and amplification

network. The compressor will provide 150mJ/pulse of compressed pulse energy. The

final pulse duration measured using frequency-resolved optical gating (FROG) pulse

measurement technique provides an FWHM temporal duration of 40fs. Based on these

energy and temporal specifications, the peak power output of the laser is approximately

four terawatts (4 TW).
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2.8 Ultrashort Pulse Characterization and Diagnostics

Spatial chirp, namely the spatial dependence of spectral components of the laser

beam at the transverse focal cross-section, is a very common and often undesirable

distortion in ultrafast optics [14]. For achieving ultrashort pulse durations, we made a

substantial amount of efforts to compensate not only the linear but also the nonlinear

chirp components introduced by the stretcher–amplifier–compressor system. Proper

focusing depends on both an excellent focusing optic and low spatial phase distortions,

thus demanding both high-quality optical components and minimized nonlinear effects

[15].

Temporal broadening, namely the deviation from the Fourier-transform-limited

pulse duration, is the second pulse distortions associated with the CPA technique.

This distortion comes from misalignment of components, the mismatch between the

stretcher and the compressor, as well as achromatic and geometrical aberration in

the optics [16]. Due to the extremely short duration, characterizing the ultrashort

pulse temporal information is inherently a complicated process and requires specially

developed meticulous techniques.

2.8.1 Spatial Profile Diagnose

One can characterize a laser beam by measuring its spatial intensity profile at

points perpendicular to its direction of propagation. The spatial intensity profile is

the variation of intensity as a function of distance from the center of the beam. The

apparatus used in the diagnosing includes a long focal length (4m) focusing lens, a

CCD camera mounted on a translation stage, and a serious of neutral density filters to

properly attenuate the intensity of the laser beam to eliminate detector saturation and

damage to the CCD camera. We transmitted signals from the CCD camera signal to

a CRT monitor. The goal is essentially to reach the smallest possible spot size appear

on the screen. We show a schematic drawing of the spot size measurements in figure

2.3.
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Figure 2.3: Schematic layout of the setup used to measure the laser spatial profile.

Using an index card (approximately 1” wide) to carefully block the center of

the spectrum, where the laser beam is entirely spatially stretched, one can examine

if the laser spot size is optimal. Typically, if two distinct spots appear on the screen

after blocking, it suggests the compressor grating configuration is not parallel. Given

such a situation, one of the compressor grating angles needs to be adjusted using the

rotational actuator located underneath the grating until two spots perfectly overlap

with each other.

2.8.2 Temporal Profile Diagnose

As the duration of the pulses shrinks in length, the difficulty in measuring it be-

comes increasingly significant. Measuring ultrafast optical events is not straightforward

since the period of the wave is several orders of magnitude less than the fastest solid-

state detector response times. Fortunately, over the past years, remarkable progress

has occurred in the development of techniques for the measurement of ultrashort laser
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pulses. One of which been utilized in our study is the most commonly used pulse-

measurement method, frequency-resolved optical gating, FROG [17] and spectrally

and temporally resolved upconversion technique, STRUT [18]. A schematic drawing

for both setups is shown in figure 2.4.

When operating, in essence, pulses entering the FROG apparatus are first

aligned by two irises (not shown in the figure). After alignment, the incident beam is

split into two identical components by a beam splitter. One arm is delayed with respect

to the other in time using a precision translation stage. Both beams are then focused

inside a type II nonlinear BBO crystal, which acts as a second harmonic generator.

The spectrometer then captures the signal of the second harmonic beam for a specific

amount of time delays. The captured spectrogram is then processed using a pulse

retrieval program to obtain pulse information such as pulse amplitude and spectral

phase.

Though it can provide us with a complete characterization of ultrashort pulses,

the FROG spectrogram is typically time-consuming. Therefore, we introduce the

STRUT method to compensate and reduce the diagnosis time. The only difference

between a FROG and a STRUT setup is the additional narrow-bandpass filter (800 ±

5nm) inserted to one of the arms. The STRUT provides a simple but reliable analysis

of femtosecond pulses, the resulting spatiotemporal and spatiospectral image presents

clear information about femtosecond pulses produced by either oscillators or amplifiers.

[18]. Commonly, STRUT scans are followed by FROG scans to obtain complete pulse

temporal and spectral information. The typical retrieved pulse duration of this laser

is 40fs. Given that ∆λ = 40nm (λ0 = 790 nm) after amplification, the transform limit

of such pulse is 23 fs. Compensating the remaining phase error could provide a 50%

increase in the peak intensity. However, it is not practical to reach the transform limit

due to the accumulated higher order (> 3) dispersion.
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Figure 2.4: Schematic drawing of the FROG setup. BBO doubling crystal (BBO)
is used to generate second order harmonic from the incident beam. The
spectrometer is used to capture the spectrogram using a LabView pro-
gram. The same setup can be used to perform STURT measurements by
adding the narrow bandpass filter (BPF) in the reference arm.
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Chapter 3

MEV PHOTOELECTRON SPECTROMETER DESIGN

3.1 Introduction

Spectroscopy techniques such as time-of-flight (TOF), velocity map imaging

(VMI) [1] and cold target recoil ion momentum spectroscopy [2] revolutionized mea-

surements of laser-matter interactions. High peak power terawatt and petawatt laser

systems [3, 4, 5] can create focus fields with intensities of 1021 W/cm2. The current

design target [6] for the highest intensity achievable is an ambitious 1024 W/cm2. Such

intensities have reached the ultrastrong limit [7]. Even for intensities at the strong-

ultrastrong field boundary, approximately 1 a.u. of field, 3× 1016 W/cm2, traditional

spectroscopy techniques struggle to accurately and reliably analyze photoelectrons and

ions created by intense laser-matter interactions [5]. At the intensity of 1019 W/cm2,

the interaction of ultrastrong fields with atoms and molecules creates ions and elec-

trons with energies up to 102 eV and 106 eV respectively [8]. Quantifying and analyzing

such high energy products from ultrahigh intensity interactions requires a new gener-

ation of spectrometers [9, 10, 11, 12] and sample preparation [13]. At this time, a

“breakthrough” technology for measuring the interactions of atoms and molecules in

ultrastrong fields has not yet emerged.

Several issues shape the spectrometer design for ultrahigh laser intensities. First,

atoms and molecules will experience multiple ionization processes and may even be

stripped of all electrons to a bare nucleus. Being created across the laser focus volume,

this can result in more than 105 photoelectrons from the background gases even with a

high vacuum interaction region, which created difficulties in extracting any useful in-

formation. For this reason, ultraintense laser studies with atoms and molecules require

ultrahigh vacuum (UHV) to reduce the amount of ionization from background gases.
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Second, photoelectrons from background gas ions are overwhelmingly nonrel-

ativistic and have energies in the 0 eV to 10 keV range. As a result, background

photoelectrons can be excluded by a spectrometer having a 106 rejection for low en-

ergy electrons.

For laser intensities from 1017 W/cm2 to 1020 W/cm2, in the ultrahigh intensity

region, photoelectron energies span from 20 keV to 2 MeV. TOF is no longer useful

when photoelectrons have an energy greater than 100 keV, as the motion becomes

relativistic, and photoelectrons possess a common speed near that of light. Large

collection coincidence spectrometers [2], parabolic reflector collectors [14], and magnetic

bottle spectrometers [15] are also unable to analyze high energy electrons, due to a

combination of collection geometry and timing issues.

Ultraintense laser photoelectron spectroscopy is further complicated by electron

emission into a wide range of angles [16]. Photoemission from the lower intensity,

nonrelativistic laser interactions can be approximated as a dipole interaction where

photoelectron emission is aligned with the plane perpendicular to laser propagation

vector k̂ and is typically peaked along the direction of Ê. For a relativistic laser-matter

interaction, the photoelectron may absorb millions of photons and, as a result, have

a significant momentum along k̂. The final direction and magnitude of the electron

momentum p̂ is an essential part of the physics behind the light-matter interactions

and can fall within a large 2 π steradian solid angle centered on k̂.

Electron spectrometers, such as the one presented here, are of the type that can

be incorporated into high intensity laser beam lines with a vacuum follicle to isolate the

ultrahigh vacuum (UHV) experimental interaction region from the vacuum of the laser

system [17]. Relativistic high field atomic physics and MeV electron spectroscopy for

ultrahigh intensity focused laser experiments are part of the science needed to support

future experiments that require single particle sensitivity, angle, and energy resolved

measurements with a very low event background. One may compare the described

MeV spectrometer with current electron spectroscopy of keV to GeV energies that have

been essential to the success of modern high energy density laser plasma science. These
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high energy density spectrometers, which also use a magnetic field energy analyzer and

scintillation detection, are optimized for the detection of many electrons in a collimated

beam from a single laser shot. Several hundred pico-Coulombs of electron charges may

be detected in a single shot within an electron divergence of order one milliradian [18].

The event rate/solid angle in such an experiment is 1014 higher than that resulting

from the energy and angle resolved measurements of a single atom or molecule in an

ultraintense laser focus.

We present a magnetic deflection spectrometer for ultrahigh intensity laser ex-

periments in a focused geometry with atomic and molecular samples. The spectrome-

ter provides the high dynamic range and low background event rate necessary for low

sample density experiments that are free from Coulomb explosion. The kinetic energy

(Ek) resolution (Ek at full-width-half-maximum, FWHM) of the spectrometer is vari-

able over the range 0.05 < ∆Ek/Ek < 0.4. The spectrometer operates in UHV and

utilizes a rotation stage in the vacuum for the magnet analyzer to select photoelectrons

as a function of the emitted into the angle from the laser wave vector direction, k̂.

3.2 Simulation

Building such a massive, complex magnetic deflection spectrometer requires

careful design and planning. Prior to the fabrication process, a simulation of the

photoelectrons trajectory was done to give us some insight into the dynamic of the

photoelectron inside the chamber and to serve as a strong and powerful tool to help

determine both the overall and details of the photoelectron spectrometer design.

In order to clarify the spatial coordinates associated with experimental pho-

toelectron acquisition and to obtain a clear picture of the exit conditions of those

photoelectrons, we defined a two-parameter coordinate system derived from spherical

spatial coordinates, θ (polar) and φ (azimuthal), which is also the coordinate system

used in the simulation. The polar angle is measured from the laser propagation direc-

tion k̂. The azimuthal angle is measured from the laser electric field ~Elaser. With this
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coordinate setup, our electromagnetic analyzer will be in the x̂ direction, and the de-

tector assembly will be directly above the laser focus and in the ŷ direction. A drawing

of the coordinate system is shown in figure 3.1.

When charged particles move through the magnetic field, they experience di-

rection change of velocity by interacting with the Lorentz force. We can interpret

photoelectron energy selection as follows, assume a photoelectron with a rest mass m0

and velocity v enters the magnetic field with a field magnitude B. If the electron de-

flects, towards the spatially fixed detector, by an angle α and the corresponding mean

radius of curvature is R, using Newton’s 2nd law and Lorentz force equation, we can

show that,

F = m0
v2

R
(3.1)

evB = m0
v2

R
(3.2)

R =
m0v

eB
(3.3)

R is also known as the Larmor radius or the radius of gyration. At relativistic velocities,

namely when v/c ≈ 1, term m0v can be replaced by γm0v where γ is defined as

γ =
1√

1−
(
v
c

)2 (3.4)

γ is also know as the Lorenz factor and c is the speed of light in vacuum. The relativistic

momentum p of a photoelectron is given by

p = γm0v (3.5)

and combine equation (3.4) and (3.5). we can obtain the velocity of the photoelectron

v =

√
(p/m0)2

(1 + (p/m0)2

c2
)

(3.6)

The Lorentz force equation:

~F = q~v × ~B (3.7)
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Figure 3.1: Two-parameter coordinate system used for photoelectron detection and
characterization. We superimposed the origin of the coordinate system
with the laser focus. The electromagnet analyzer is at x̂ axis and the
detection assembly is at ŷ axis.
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Newton’s 2nd law of motion can also be written as

~F =
d~p

dt
(3.8)

combine equation (3.7) and (3.8) we have

d~p = q~v × ~B · dt (3.9)

Here we employed time integration scheme to help us calculate the trajectory of the

photoelectron. Therefore, equation (3.9) can be rewritten as,

∆~p = q~v × ~B ·∆t (3.10)

we used equation (3.6) and (3.10) as the fundamental simulation equations of the

magnetic deflection spectrometer. Essentially, the photoelectrons are given the initial

position at the laser focal point, as well as initial momentum. The magnetic field

generated by our electromagnet analyzer was considered constant over a small circular

region; more detail of this approximation can be found in Section 3.4. The change of

momentum was calculated for each time step, which is set at ∆t = 10−10 s based on

the geometry of the spectrometer. The change of position is also determined using

equation (3.6) and

∆~r = ~v ·∆t (3.11)

Two termination or boundary conditions were used in the simulation, reaching

either of the conditions will terminate the calculation and yield results. First is when

the photoelectron position reached the height of the detector, while the other one is

when the photoelectron has traveled the maximum time (1×10−7s). Once terminated,

the final coordinates information of the photoelectron will be examined. If it is within

the dimension of the detector, its trajectory will be plotted, and initial position and

momentum will be recorded, otherwise, such information will be discarded. Figure 3.2

shows the flow chart of the simulation. Python source codes of this simulation are

given in Appendix A.
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Figure 3.2: Flow chart of the time integration method used in the simulation to
calculate the trajectory of the photoelectron generated from laser-matter
interactions
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3.3 Energy Resolution

The energy resolution of the photoelectron detection scheme is defined as the

full-width of an energy peak at half-maximum (FWHM), ∆Ek, divided by the peak

(mean) electron energy, Ek. The energy resolution, ∆Ek/Ek of the spectrometer, is an

imperative performance parameter. It describes its ability to distinguish two nearby

energy photoelectrons. In essence, ∆Ek will be displayed in the energy spectrum as

a broadened peak. In our magnetic deflection spectrometer, this is due to the small

difference in the Lamar radius for different electron energies as well as the integration

time of all the electronics involves in the detection. Here we are going to employ the

simulation created from the previous section to calculate the energy resolution.

We calculated the magnetic field that was capable of deflecting the photoelectron

to the center of the detector, whose value is then fixed for the rest of the calculation.

Afterward, we expand the energy of the photoelectrons both ways, with small step size,

typically 25 keV, and examine the upper and lower limit of the photoelectron energies

that were captured by the detector assembly, therefore reveal the energy resolution of

the spectrometer. Worth mentioning, the initial momentum in the simulation were

given a small angular dispersion with respect to the horizontal direction and toward

the electromagnet analyzer, to simulate the angular acceptance of the spectrometer.

In this study, we explored two possible setups based on our UHV main chamber

geometry and available materials, namely, a high resolution setup with a smaller di-

ameter (3cm) scintillator plastic at a higher position (almost levels with the top large

flange), and a low resolution setup with a larger diameter plastic (10cm) at a lower

position (approximately 15 cm lower than the high resolution setup). Baffle slits have

a 2o acceptance angle for both experiment setups. Example trajectories are shown in

figure 3.3 for the low resolution setup.

A ∆Ek/Ek = 0.05 is expected with 500 keV at the high resolution setup and

∆Ek/Ek = 0.4 is expected at low resolution setup through simulations. Also, the

resolution simulations are confirmed with a pure graphing method using AutoCAD.

Peak transmission for the high resolution mode shown is calculated to be 80 %, while
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Figure 3.3: Example trajectories (blue lines) across the entrance slit and detector are
shown with the magnetic field (red), which is directed out of the page.
Baffles in the cross-section are shown by green lines for the entrance and
exit slits and with a closely spaced line hatch where the electron and
photon absorption baffles are placed around the magnet.
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for a ∆Ek/Ek = 0.4 mode, 100% of the electrons entering the spectrometer slit at the

central energy are detected. The spectrometer geometry gives a detection solid angle

that is limited by the gap between the electromagnet. The calculated resolution for

both setups is shown in figure 3.4.

Furthermore, we did a calculation of the relativistic trajectories based on a peak

field of 408 Gauss magnetic field generated by the electromagnet. By recording the

final coordinates of photoelectrons with various energies (from 350 keV to 850 keV) at

the height of the detector assembly. As anticipated, the calculation shows an explicit

trade-off between energy resolution and the amount of signal, as shown in figure 3.5.

Through this calculation, we were able to fine-tune the detector position as well as the

angular acceptance. A sweet spot between the two critical parameters was achieved to

give us a decent energy resolution while still maintaining a reasonable photoelectron

signal capture rate.

According to the simulations results, low resolution setup was selected, due to

the much higher signal rate, which is approximately an order of magnitude higher

than the high resolution. To compensate for the reduced energy resolution, magnetic

analyzer currents been measured were decided carefully to avoid any overlap in the

energy spectrum.

3.4 Magnetic Deflection Spectrometer

The spectrometer primarily consists of an ultra-high vacuum (UHV) chamber

used as an interaction chamber. It is made up of the following essential components:

UHV interaction region, parabolic mirror focusing, effusive sample gas delivery, rota-

tional magnetic deflection analyzer, baffle slits, and plastic scintillator/photomultiplier

tube (PMT) or micro channel plate (MCP) detection assembly.

The UHV chamber is pumped using two turbomolecular pumps. One 300l/s

and 500l/s primary turbomolecular pumps backed by a secondary 70l/s high conduc-

tance turbomolecular pump. The high conductance secondary turbomolecular pump is

backed with a roughing pump, which does not need to be oil free for most experiments.
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Figure 3.4: The calculated resolution ∆Ek/Ek = 0.05 at 500 keV with a 2.1◦ slit,
3 cm scintillator, and detector position is given in blue. ∆Ek/Ek for a
2o slit and 10 cm diameter detector at the low position [which is 15 cm
lower and roughly levels with the top large flange] is also shown in red.
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Figure 3.5: Relativistic trajectory calculations for a peak field of 408 G give the
dispersion of the electron position at the detector as a function of Ek
and emission angle from the laser focus to the analyzer slit. Electrons
excluded by a ± 1◦ entrance slit and 10 cm detector are the highlighted
area in the center.
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Ultimate pressures of ∼ 10−9 Torr are achieved after a 70oC bakeout. Bakeout are

realized by using several mineral wool pads to create a heat insulation cubic and heat

up by using four stove heating elements connected to 4 variable transformers. Tem-

perature is controlled by varying the voltage output from those variable transformers.

After 48 hours of baking and the subsequent cooling down to room temperature, the ul-

timate minimum pressure is achieved at typically 2×10−9 Torr. The plastic scintillator

softening point limits the bakeout temperature.

We send high purity sample gas at room temperature into the ultrahigh vacuum

chamber through a gas manifold. The inlet leak valve controls the pressure, and the

real-time pressure is monitored by using a hot-filament ionization gauge. Based on

the sample species and laser intensity, a typical pressure range of the sample gas into

the interaction chamber is varied from 1.0 × 10−8 Torr to 1.0 × 10−7 Torr. At the

interaction region, a skimmed, effusive beam of atom/molecules across the laser at 90

degrees. Generated photoelectrons are emitting with a large 2π steradian solid angle

centered on k̂. Those electrons that entered the gap between the two electromagnets

will be deflected and eventually reach the detection assembly. Figure 3.6 provides both

the top and side view of the chamber.

3.4.1 Laser Focus

The laser beam enters the interaction chamber through a near-infrared (N-IR)

anti-reflection coated 0.25” thick fused silica entrance window. Prior to entering the

chamber, the beam was carefully aligned using two irises to guarantee a straight and

level beam path. A 5m long black coated beam tube (not shown in the figure) is also

used to significantly reduce the disturbance from airflow along the beam path before it

enters the chamber. The incident beam is focused using a 3” diameter (f/2) gold-coated

60◦ off-axis parabolic mirror to obtain a near diffraction limited focus. The following

two steps obtain the best possible focal point size. First, a rough alignment is done

by optimizing the air breakdown of the focal point inside the chamber, which typically

is sufficient for a regular alignment. A telescope and a CCD camera combination
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(a) (b)

Figure 3.6: Top (a) and side (b) views of the main chamber. Water cooling, magnet
power, magnet coils, laser beam, parabolic mirror, sample gas delivery
line, baffles, and scintillator/photomultiplier tube detector are indicated.
Photoelectrons are indicated with shading.
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detecting the laser focus can be used if a better alignment is desired. A series of neutral

density filters must be applied to avoid detector saturation, the signal generated by

the CCD camera will be monitored using a CRT screen, while alignment is realized by

obtaining the smallest spot size appear on the screen. The use of a reflective parabolic

optic provides a threefold advantage over refractive spherical optics by eliminating

chromatic and spherical aberrations and facilitating and unobstructed propagation for

the incident laser beam. The mirror is mounted on a two tilt controller (vertical and

horizontal) to align the mirror with respect to the beam propagation axis. The mirror

is also precisely aligned in the x̂, ẑ direction to place the focal point right at the center

of the main UHV chamber; the height is also carefully adjusted, so the separation

between the laser focus and the gas jet is within 2mm.

3.4.2 Rotational Magnetic Deflection Analyzer

We use a rotational magnetic deflection electron spectrometer to acquire angle

and energy resolved photoelectrons generated through ultra-intense laser-matter in-

teractions. It consists of three fundamental components, a rotational analyzer, a set

of electromagnets, and the detector assembly. Photoelectrons generated from ultra-

intense laser-matter interactions are angle resolve through the rotational analyzer and

energy resolved by the electromagnet and deflected towards the detection assembly.

Every step mentioned above though can be described with a couple of simple sen-

tences but requires a substantial amount of planning, testing, building, rebuilding,

and tweaking. The following sections will introduce all of the processes of design and

fabrication.

3.4.2.1 Design Considerations in Photoelectron Detection

Energies of the photoelectrons created by ultra-intense laser-mater interactions

can go up to several mega electron volts. Traditional spectroscopy techniques are

unable to reliably and accurately measure and analyze such high energy electrons. The
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goal is to design and fabricate a photoelectron spectrometer for ultrahigh intensity laser

interactions with atoms and molecules in the single atom/molecule limit.

3.4.2.2 Rotational Analyzer

One of the most essential features of the spectrometer is its ability to spatially

(θ) resolve photoelectron generated at the interaction region. With a range of motion

from 5◦ to 100◦ with respect to the direction of laser propagation vector k̂. Such

operation is realized with a turntable assembly and a custom gear set connected to a

UHV rotational feedthrough.

The turn table assembly consists of three layers. A side view and top view are

provided in figure 3.7. The bottom layer is a breadboard that acts as the foundation of

the entire turntable assembly. Built with multiple evenly spaced 1/4” 20 taped screw

holes, it is capable of supporting a great deal of weight reliably. The breadboard is

directly attached to the bottom of the chamber using six 1” diameter stainless posts.

The middle layer and the top layer has an identical ring shape with a diameter of 0.6 m.

Both layers have a pair of identical V grooves channel carved. Multitudinous stainless

ball bearings are filled in both grooves to support the top layer. The outside of the

top layer has gear teeth cut into it, which are coupled with the custom made gear set

(not shown in the figure) with a 10:1 reduction ratio. The whole gear set is controlled

by a shaft attached to a rotational feedthrough, which can be accessed from outside

of the chamber, therefore making it possible to control the rotation of the magnetic

analyzer without interfering with the ultra-high vacuum. Rotation of the turntable

allows the analysis of photoelectrons emitted into angles from 5◦ to 100◦ off k̂ vector of

the laser beam. Photoelectron emission at all angles from Ê and perpendicular to k̂ is

fully accessible using a zero-order half-wave plate to rotate Ê just before the parabolic

mirror.
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(a)

(b)

Figure 3.7: Top (a) and side (b) views of the three layers of turn table assembly.
Stainless ball bearings are been put inside the v-groove to support the
top layer. Gear teeth are cut into the outside of the top layer to couple to
the custom made gear set (not shown in the figure) with a 10:1 reduction
ratio.
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3.4.3 Electromagnet

3.4.3.1 Electromagnet Overview

The electromagnets we custom-built to use in this spectrometer consists of two

identical solenoids. Each of them has 9 layers of 14 gauge polyimide insulation wire.

Each solenoid is 100mm long and has a 63.5mm long iron core to enhance the magnetic

field and 530 winding from 90mm inner diameter to 120mm outer diameter. Both

solenoids are housed inside two identical UHV confalt cans. Small UHV feedthrough

provides power and water cooling to the coil housing, therefore grant the assembly UHV

compatibility. Each coil can be energized with 12 A and has a resistance of 1.2 Ω. The

separation gap between the two coils is 2.5 cm. An exploded, and 3-D crosssection view

drawing of one of the electromagnets is shown in figure 3.8. Both UHV cans are placing

horizontally and facing each other. A pair of identical aluminum brackets are used to

support the cans on top of the turntable. In order to guarantee both electromagnets

are sharing the same horizontal axis, the supporting brackets are carefully crafted and

measured to assure same dimensions, three 0.5 inch aluminum shafts with the same

length that attach to both conflat cans were also utilized to enhance the alignment, as

well as establish additional stability. This carefully put-together configuration typically

provides a uniform axial magnetic field on the radial (vertical) plane in the gap between

the two electromagnets.

3.4.3.2 Magnet Wire

Being placed inside a UHV environment, inspections, and repairs of the elec-

tromagnet coil require a significant amount of time and effort. Therefore, as the most

fundamental component of the coil, magnet wire needs to be able to sustain a relatively

high temperature for an extended time, especially during the high energy electrons col-

lections, which could take up to several hours. Besides, strong chemical resistance is

critical since corrosion and contamination will occur inevitably, even with extraordi-

nary effort been put in to keep the cooling water clean. Having superior chemical
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Figure 3.8: Exploded view (a) and 3D cross-sectional view (b) of the magnet as-
sembly. Water cooling and magnet current are delivered by UHV
feedthroughs (not shown) through the bottom conflat flange.
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resistance could significantly increase the reliability and longevity of the electromag-

net. Polyimide insulation was chosen for its exceptional thermal stability, phenomenal

physical abrasion resistance, and unsurpassed chemical resistance. Its thermal stability

is shown in figure 3.9 [19].

Even with the utterly reliable choice of magnet wire, connections between the

UHV electric feedthrough and the solenoid magnet wire are still prone to having an

electrical breakdown. Silicon sealant was used in between the solder point of the magnet

wire and the UHV electric feedthrough. Furthermore, to avoid potential abrasion

damage between the solenoid and the magnet wire, additional layers of plastic were

placed in between the magnet wire and the solenoid. With all the insulation approach,

the final resistance between the electromagnet assembly to the ground is kept well

beyond 100kΩ level.

Selecting the gauge of the magnet wire is another important aspect of the design.

With a fixed dimension of the solenoid and fixed maximum power output from the

power supply. The choices of the wire gauge will determine the total resistance, the

maximum magnetic field, and the heat generation. If we consider the simplest case,

the magnetic field generated by an ideal solenoid at the center of the coil is given by

Ampere’s law:

B = µnI (3.12)

Here µ is the permeability of vacuum, n is the density of the magnet wire, and I is the

current. Therefore, by finding the average density of the different gauge wire, as well

as the maximum current possible with the DC power supply, the maximum magnetic

field can be attained with a certain wire gauge. Though the solenoid here is certainly

not ideal, this approximation still holds since the real magnetic field generated by the

electromagnets have a positive correlation to the result obtained from the calculation.

Since the choice of the gauges of wire is rather limited due to the production

(typically only even number gauge wire are available), calculations are rather trivial.

Python source codes of the calculation can be found in Appendix A. Gauge 14 wire

was selected; the measured resistance of each coil at room temperature is 1.2 ± 0.1 Ω.

50



Figure 3.9: The average life of the heavy build polyimide insulation wire used in the
experiment. The typical wire temperature during operation is 70◦C.
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3.4.3.3 Cooling and Powering

The electromagnets are powered using two HP/Agilent 6264B variable DC power

supplies. Each of them is capable of delivering a maximum of 24V and 24A. They are

connected in a “master-slave” parallel configuration with a total current output of 48A,

the total voltage output of 24V, and the total power output of 1152W. The parallel

configuration also provides better performance at high current by eliminating power

supply overloads.

Cooling and powering become particularly complicated as the whole electro-

magnet assembly needs to operate with ultra-high vacuum compatibility. We went

through a substantial amount of testing and building to find the proper solution. First

of all, two electrical feedthroughs and two liquid feedthroughs are placed on the conflat

flange, as stated previously. Traditional wire insulation is not an option as they will

outgas and contaminate the UHV chamber, therefore prevent the chamber from reach-

ing the ultimate pressure and creating unwanted background noise during laser-matter

interactions. Such an issue was resolved by using bare copper wire then wrap the wire

around with a series of ceramic beads as the insulation layer.

The other key concern associated with the electromagnet is the ohmic heating

caused by the resistance of the copper wire. During continuous operation, even at

relatively low currents, the thermal load is sufficient enough to heat the copper wire.

Though from the previous discussions, we have learned that the magnet wire has ex-

ceptional heat resistance, it is the change of resistance (Ω) introduced by the variation

of temperature that concerns. Resistance change leads to the changes of current go-

ing through the electromagnet and ultimately alters the magnetic field. Once it takes

place during a data collection, can significantly reduce the reliability and accuracy of

the measurement. Therefore, it makes cooling the magnet wire a critical component to

a successful experiment. Air cooling is not applicable in this configuration. Therefore,

we used a circulating chilled liquid cooling loop to reduce the thermal load on the

electromagnet by removing excessive heat from the wire. Two different types of liquid

coolant were tested, mineral oil and water. Mineral oil was utilized for its excellent

52



electrical insulation properties. The result is somewhat disappointing as though it de-

livered superb electrical insulation, mineral oil did not perform well enough in thermal

transferring, and the complication it brings when cleaning and refreshing the coolant is

significant. The final liquid cooling agent we used is water. Though it did not provide

as good electrical insulation as mineral oil, excellent thermal performance is observed

during testing, the clean and refresh process is also rather straightforward. The cool-

ing water line is connected in series between two UHV cans. To accommodate the

rotational analyzer design, we have employed flexible stainless steel bellow to delivery

cooling water. To assure efficient and thorough cooling on both electromagnets, the

position of the UHV liquid feedthroughs is carefully placed so the outlet would always

be on the top position, and the inlet would always be at the bottom position thus the

cooling water will always emerge the whole solenoid before exiting.

3.4.3.4 Magnetic Field

To characterize the field generated by the electromagnet, we measured the axial

magnetic fields as a function of the axial distance. Measurements were made using

a magnetic field sensor capable of measuring fields up to 30000 Gauss with a ±2%

resolution. The magnetic probe is attached to a translation stage to take precise mea-

surements of the distance. Figure 3.10 shows the results when we put the magnetic

probe at the center of the gap while running 1.25 A on each coil with a super Gaussian

fit. The measurements indicate a rather uniform magnetic strength within the circle

having a diameter of approximately 6 cm, such magnetic field can be approximated

to a constant field with a magnitude of its center value, in the simulation we used

the same approximation, hence, make it easy to determine the kinetic energy of the

electron reaching the detection assembly. Also, we noticed a sharp drop off in terms

of the magnetic field strength outside the dimension mentioned above. The measure-

ments indicate an “edge to center” ratio better than two orders of magnitude. Such

characteristic assures minimum extra magnetic field to disturb the trajectory of desired

photoelectrons.

53



Figure 3.10: Analyzer magnetic field as a function of distance, s, from the magnet
center while running 1.25 A on each coil.
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A measurement of the voltage supplied to the electromagnet and the magnetic

field generated is shown in figure 3.11, then we use the measured magnetic data in the

simulation, a mapping between the energies of the photoelectrons that reach the center

of the detection assembly and the voltage was created, as shown in figure 3.12.

One major disadvantage of such electromagnets is the magnetic hysteresis ef-

fect. Magnetic hysteresis occurs when one applies an external magnetic field to a

ferromagnetic material, such as the iron core in our electromagnet, and the atomic

dipoles align themselves with it. Even after removing the field, part of the alignment

will be retained. Once magnetized, the magnet will stay magnetized indefinitely. To

demagnetize it requires heat or a magnetic field in the opposite direction. In our case,

the residual field caused by the hysteresis is measured to be roughly 20 Gauss after

applied a current more than 20 minutes. If left unattended, this residual field will cause

significant error in terms of energy calibration, especially during lower energy photo-

electron acquisitions. We primarily used two different methods to resolve this issue.

First, after each collection, the electromagnet is connected to the DC power supply

with reversed polarity, thus creating a negative field to achieve demagnetize. Second,

a variable alternating current source is connected to the electromagnet if a long (> 60

min) gap between collection is planned. One can typically reduce the residual field to

less than 5 Gauss after performing such procedures.

3.4.4 Photoelectron Detection Technique

3.4.4.1 Scintillator and Photo Multiplier Tube

The final stage of the photoelectron acquisition process is the detection stage,

where those angle and energy resolved photoelectrons are captured and analyzed. To

be able to measure and analyze photoelectrons produced in ultra-intense laser-matter

interactions accurately is the design goal for this spectrometer. Experiments conducted

in this spectrometer include photoelectrons energies up to mega-electron volts. There-

fore, in this experiment, the primary detection technique is a scintillator coupled with
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Figure 3.11: The magnetic field generated as a function of the voltage supplied to
the electromagnet at the center of the gap between two electromagnets,
the red dashed line shows the linear fit of the data.
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Figure 3.12: Calculated photoelectron energies as a function of voltage supplied to
the electromagnet. The maximum photoelectron energy that can reach
the center of the detector is approximately 2.1 MeV.
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a photomultiplier tube (PMT) to measure high energy photoelectron up to a few MeV

range.

In this nuclear instrumentation detection technique, namely scintillation count-

ing, consists of a scintillator which generates photons in response to incident radiation,

a sensitive photodetector, in our case, a 2” photomultiplier tube (BURLE 8575). A 1

cm thick scintillator plastic (Bicron BC-408) is used to produce a beam of photons as it

excited by an incident beam of energetic photoelectrons. Generated photons are then

collected and converted into an electronic signal proportional to the strength of the

incident photoelectrons using a photomultiplier tube. We show a schematic drawing

in figure 3.13. [20].

This electronic signal was analyzed using two different methods. First, the elec-

tronic signal was directly sent to a fast response digital oscilloscope (TDS5052) after

the preamplifier (ORTEC VT 120). The electronic signal is then discriminated based

on peak pulse voltage. We used fast frame acquisition mode in the data collection. We

mostly use this mechanism when calibrating with beta emission sources for its capabil-

ity of counting a large amount of signal in a relatively short time. The other method,

the electronic signals are sent to a preamplifier (Ortec VT 120), voltage discriminator

(Ortec 9307), and finally an endoscopic time analyzer (ORTEC PTA 9308), where the

signal is being digitized and downloaded to a computer to generated Time-Of-Flight

(TOF) histograms. The start of the time-of-flight signal is synced with the laser pulse

signal from the regenerative amplifier.

Figure 3.14 shows the scintillation emission spectrum and the PMT photocath-

ode spectral responsibility characteristic. Scintillator emission ranges from 360 nm to

520 nm and has a peak of approximately 430 nm [21], and the PMT response ranges

from 280nm to 620nm and has with a peak of approximately 400nm [22]. Together,

they make an efficient combination of photoelectron detection. According to specifica-

tions given [22], the scintillator provides an approximately 2.5 ns wide (FWHM) output

pulses with a rise time of 0.9 ns and decay time of 2.1 ns, thus making it suitable for

applications based on fast timing characterizations. Besides, a 10 mm thickness of the
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Figure 3.13: Schematic drawing of the scintillator and photomultiplier tube assembly
used to detect high energy photoelectrons. Primary incident photoelec-
trons are represented by -e where a group of dotted arrows represents
the beam of scintillation photons generated by the scintillator.
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(a) (b)

Figure 3.14: Spectral response curves for 8575 photomultiplier tube (a) and BC-408
scintillator (b). Both the photomultiplier tube and the scintillator are
not sensitive to the laser wavelength (790±20nm), therefore significantly
reduce the signal noise due to laser photons.
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scintillator material is capable of generating photons from photoelectron with kinetic

energies up to 2 MeV. Based on the properties of the scintillator material and the

selected geometry, the calculated scintillation light yield produced by the scintillator

is 1 photon/keV.

The PMT provides a typical gain of 2.7 × 107 at 2000 V bias voltage, PMT is

biased using a DC high voltage power supply (± 5000 V, PS-350, Stanford Research

Systems, Inc.) with a peak-to-peak ripple voltage < 0.002 of full scale. We operated

the PMT at a bias voltage of -1750 V (Imax = 0.216 mA) in order to maintain its

linear counting scale. Additionally, several layers of thick black fabric were utilized to

optically isolate the PMT to keep ambient room light from reaching the detector.

Owing to its superior capability of capturing and measuring high energy elec-

trons, we used a scintillator/PMT combination for the primary energy calibration of

the electron spectrometer. However, the detection efficiency of such combination drops

substantially at low energies (< 50 keV). Therefore, an alternative technique is neces-

sary in order to give us a more efficient way to measure low energy photoelectrons.

3.4.4.2 Micro Channel Plates

Though the majority of measurements were taken with the scintillator and PMT

combination, we also introduced a micro channel plate (MCP) detector due to its supe-

rior timing characteristics and its efficiency in terms of low energy electron detection.

MCP is an array of miniature electron multipliers oriented parallel to one another, al-

low electron multiplication factors of 104 - 107 coupled with ultra-high time resolution

(< 100 ps) and spatial resolution limited only by the channel dimensions and spacing

which made it ideal for measurements about low energy photoelectrons (< 50 keV). In

this study, we made use of a matched set of micro channel plates arranged in a high

gain Chevron configuration [23].

The top MCP of the Chevron is kept at -150 V potential, where the bottom

is set to +1700 V, thus providing a net MCP bias of 1850V to achieve the required

signal gain. Generated secondary electrons are further accelerated and collected using
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an anode plate kept at +1900 V potential. A capacitively coupled signal plate then

generates an electronic signal proportional to secondary electrons arrived at the anode.

The electronic signal is then sent to a pre-amplifier (Ortec VT 120), pico-timing dis-

criminator (ORTEC 9307), picosecond time analyzer (ORTEC 9308) and eventually

downloaded to the computer system to generate a TOF histogram. Figure 3.15 gives

a diagram of the detection scheme.

Figure 3.15: Block diagram of the detection scheme. Picosecond analyzer is synchro-
nized with the terawatt laser using a sync signal (ts), which initiates
the analyzer clock to zero at the beginning of every laser pulse.
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3.4.5 Background Level

For accurate calibration, it is essential to evaluate the background level. During

the experiments, signals fall into four categories: recombination light noise, relativistic

electrons, and non-relativistic electrons, which are coming from inside the chamber

together with electronic radio frequency noise that is coming from the electronics of

the laser system. Recombination light that scatters through the spectrometer baffle

slits and makes it to the PMT detector is the primary source of the noise.

An uncoated transparent scintillator (no aluminum thin film) was used to show

the recombination light in the data. Baffles are not presented in this experiment; we

show results in figure 3.16. Recombination light was granted an unobstructed path

into the detection assembly. The results show that with low and nonrelativistic energy

photoelectron signals, the photon signal (red) and the electron signal (blue) are well

separated in time; therefore, no requirement for baffling or discrimination. However,

as the energy of the photoelectrons increases, the photon signal starts to overlap with

the electron signal and, ultimately, becomes indistinguishable. As the design goal

of this spectrometer is detecting high energy photoelectrons reliably, reduce, or even

eliminate the noise coming from the recombination light is going to have a significant

impact. The fastest pulse FWHM time for photons and high energy electrons is 4.7

ns FWHM. This response time is a convolution of the spectrometer energy resolution,

PMT response (2.5 ns), scintillator decay time (2.5 ns), and electronics.

3.4.6 Noise Reduction

In order to minimize the signal noise generated due to photons and low energy

photoelectrons arriving at the detector assembly, we employed several noise-reducing

techniques. First, a thin layer of aluminum film is coated on the front surface of the

scintillator. Such treatment effectively eliminates unwanted scatter photons and low

energy electrons. The required electron attenuation length, λz, is calculated using the

following formula [24]

λz = λ1keV

(
EeV
1000

)n
(3.13)
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Figure 3.16: The signal from scattered photons (shown for the operation of the spec-
trometer without full baffling or discrimination) and analyzed electrons
at 7 keV (a). A fit (red) is shown for the photons FWHM 4.7 ns and
peak at 2.2 ns. The earliest, front edge of the response to light is at
-250 ps ± 250 ps. The time axis has been adjusted, so the peak photon
response corresponds to the photon flight time. The 7 keV resolved
electron signal (blue) has an FWHM of 8.5 ns and a peak at 18 ns. As
shown in (b), the TOF spectrum for a 50 keV electron is not resolvable
from the photon peak. The 50 keV electron signal has an FWHM of
8.5 ns and a peak at 7 ns. The centroid TOF for the electron signal is
shown as a function of energy (c). A dashed red line indicates the flight
time for the speed of light.
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for a desired percentage transmission given by

I/I0 = e(−
z
λz

) (3.14)

where z is the thickness of the aluminum layer. λ1keV and n are constants for a given

material. For Al, λ1keV = 1.9nm and n = 0.74. The transmission percentage of the

photoelectrons through the deposited Al layer as a function of the thickness for four

different energies of electrons is shown in figure 3.17. The thickness of the Al layer is

set to 75nm. This thickness helps to reduce photoelectrons with energy less than 10

keV as well as photon from going into the scintillator and as a result, improves the

overall signal to noise ratio. This layer of thin aluminum also reflected the scintillation

photons towards the PMT, thus improving the overall detection efficiency.

Secondly, we placed a blue bandpass Schott glass filter (Ø50 mm, BG-39) in

between the scintillator and the PMT. According to the specification provided, the

transmission wavelength ranges from 300 nm to 650 nm with a peak approximately at

500 nm [25], which makes it a prime choice for not only filtering out stray laser photons

(790±20 nm), but also allowing the photon signals generated by the scintillator reaching

the photomultiplier tube.

Three layers of aluminum baffles are installed between the interaction region

and the detection assembly. Those baffles are built to have a tight fit according to the

dimensions of the chamber, with a clearance of less than 1 cm, therefore eliminates

most photons and scattered electrons. Furthermore, all three baffles were coated with

a uniform layer of graphite lubricating resistance coating (Aerodag-G). All three layers

are mounted onto the top layer of the turntable, therefore the rotation of the baffles is

synchronized with the magnetic analyzer. Each layer has a cutout made according to

the simulated photoelectron trajectory to provide desired photoelectrons unobstructed

access to the detection assembly placed at the top of the chamber.

We did a study to explore the effectiveness of the baffles using a 14C beta emis-

sion radioactive source. Since 14C have relatively low beta emission energy (mean beta

particle energy ∼50 keV), a micro channel plate detector was utilized to capture the

65



Figure 3.17: Transmission percentage of electrons with kinetic energies 1, 10, 100,
and 1000 keV through an Al layer as a function of the layer thickness.
To effectively eliminate low energy (< 10 keV) electrons, the thickness
of the Al layer used in this study was set to 75 nm (shown by the dashed
line).
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electrons. The basic concept behind this experiment is straightforward. We deliber-

ately offsetting an angle between the cutout in the baffles and the gap in between the

electromagnet, By varying the angle, we recorded the change of the signal rate, there-

fore, revealing the amount of influence those baffles have on the signal. The 14C source

is placed at the position of the laser focus. Three layers of baffles are put in place,

and to best replicate the real experiment, the chamber was pumped down to 3× 10−8

Torr. Figure 3.8 shows the results can. The dark count measurement was done by

completely remove the 14C source. As the results suggest, the signal was reduced from

an average of ∼1650 acquisitions per minute with 0◦ between the gap and the cutout

to ∼150 acquisitions per minute from 10◦, with a reduction factor of 10. Furthermore,

the acquisition rate is virtually identical to those of dark counts, thus give us the con-

fidence to believe the three layers of baffles are very useful in blocking scatter electron

or photon signal from reaching the detector.

Finally, two beehive like “traps” were also set up both behind and below the

electromagnet, which are also coated with Aerodag-G, to reduce the amount of scat-

tering electrons and photons generated by having electrons hitting either the chamber

wall behind or the turntable below the electromagnet.

Electronic radio frequency (RF) from the laser system electronics was another

primary source of the noise. For the sake of simplicity, rather than trying to eliminate

the noise from its source, the first approach we took was by shielding our detection

assembly. Three layers of shields were employed. A layer of copper foil is used to

wrap around the PMT, preamp, and connecting cables. Additionally, two layers of

aluminum cylinders were custom-built and placed over the whole detector assembly.

Those shields can also work as a light blocker to prevent room/background light from

reaching the PMT. Furthermore, all the windows on the UHV chamber are double

blocked using a thick layer of black fabric and aluminum foil.

With all the noise reduction approach introduced, the detection rate of recom-

bination light was kept to 0.001 counts/shot by using electron and photon baffling slits
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Figure 3.18: Accusations per minute at different angles between baffle cutout and the
gap between electromagnet. The acquisition rate is virtually identical
with dark count measurements with an angle larger than 10◦.
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within the spectrometer and two light absorption “traps” behind and blow the elec-

tromagnet. We achieved a further reduction to 10−6 counts/shot by coating the front

of the scintillator with a 75 nm thin aluminum layer as a light block. RF noise is also

reduced by three orders of magnitude and kept below the discrimination level.

3.5 Conclusions

We have constructed a high field magnetic deflection photoelectron spectrometer

with an energy resolution ∆Ek/Ek = 0.4. The ultimate pressure is at 10−9 Torr level.

The range of energy detection is currently from 20 keV to 2 MeV. The maximum

magnetic field generated by the electromagnet limit the 2MeV value. The spectrometer

can choose the polar angle, θ, from 5◦ to 100◦ with respect to the laser propagation

vector k̂ by using the rotational analyzer.
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Chapter 4

SPECTROMETER ENERGY CALIBRATION

4.1 Introduction

Photoelectron spectroscopy constitutes one of the elemental experimental meth-

ods used to study high intensity physics and time-resolved chemistry [1]. Different

techniques were developed to record a spectrum of photoelectrons [2]. The procedures

for the energy calibration of photoelectron spectra are of considerable importance [3].

Precise energy calibration of the magnetic deflection electron spectrometer is an im-

perative factor as the accuracy of the acquired data solely depends on it. Therefore,

careful measurements were taken to calibrate the spectrometer over throughout two

orders of magnitude of energy, from 10 keV to 1 MeV.

4.2 Sample Preparation

Beta radioactive sources are selected as the source of electron for our spec-

trometer energy calibration. Many factors were taken into consideration during the

selection process. A broad energy span and high emission activity are preferred, as it

will significantly reduce the time needed for data collection.

We used three different sources according to the principles mentioned above.

Carbon 14 (14C), emits electrons with an average kinetic energy of 49.5 keV, Q-value

of 156.27 keV, and half-life of 5730 years [4]. Cesium 137 (137Cs), emits electrons with

an average kinetic energy of 510 KeV, with a Q-value of 1175.63 keV [5], and half-life

of 30.17 years [6]. Thallium 204 (204Ti) emits average kinetic energy of 347.5 keV,

Q-value of 763.72 keV, and half-life of 3.78 years [7]. Beta emission energies span

over two orders of magnitude energy scale from 10 keV to almost 1.2 MeV from all

three sources. We obtained Certified radioactive beta emission sources from Spectrum
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Techniques, LLC. The maximum activity under domestic and international U.S. NRC

exempt quantity, ten µCi was used in these studies. All the beta emission sources are

constructed using a 0.02” thick laminate disk that has a small (0.25”) aluminum/Mylar

window. Each source has a diameter of 1”. According to the specification provided by

the manufacturer, each source has an uncertainty of ± 20% of the labeled activity [8].

Among all three sources, 137Cs is also an intense gamma radiation (γ) emission

source with gamma energy of 0.6617 MeV [5]. Scintillator detectors are sensitive to

gamma rays, as they use crystals that emit light when gamma rays interact with

the atoms in the crystals [9]. The intensity of the light is usually proportional to

the energy deposited in the crystal by the gamma ray. Therefore, to gain a pure beta

emission response from the 137Cs radioactive source, one must prevent gamma radiation

from reaching the detector. As we have already shown in section 3.4, three layers of

aluminum baffles are in between the interaction region and the detection assembly.

We studied the gamma radiation transmission as a function of the thickness of various

materials to determine the optimum approach to eliminate the gamma radiation signal.

The linear attenuation coefficient µ describes the fraction of a beam of x-rays

or gamma rays that are absorbed or scattered per unit thickness of the absorber. This

value accounts for the number of atoms in a cm3 volume of material and the probability

of a photon being scattered or absorbed from the nucleus or an electron of one of these

atoms [10]. The transmission function of such x-ray of gamma ray can be written as

[11, 12],

I = I0e
−µx (4.1)

where I is the intensity transmitted across some distance, I0 is the initial intensity, and

x is the thickness of the material. Using attenuation data from the National Institute

of Standards (NIST) [13], we show the transmission percentage as a function of the

gamma energy for aluminum in figure 4.1.

From figure 4.1, gamma radiation emits by 137Cs, can easily transmit through

the aluminum baffles set up in the experiment. Even with the thickness of the aluminum
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Figure 4.1: Transmission percentage as a function of gamma energy for aluminum,
thickness of the aluminum from 1 mm to 5 cm are plotted, total thickness
of three layers of aluminum baffles used in the experiment is 1cm, shown
in green. Gamma radiation energy of 137Cs is shown with a cyan dashed
line.
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up to 5cm, the transmission percentage is still at an unacceptable 68.1%. Therefore,

seeking an alternative material to attenuate the gamma radiation becomes the appar-

ent resolution. We made a cylinder profile copper housing with a diameter of 10 cm,

then placed the 137Cs source in the center. This configuration provided a 5 cm effective

attenuation length in each direction. A small slit facing the gap between the electro-

magnet was also installed to grant beta particles an unobstructed path to the detector.

Figure 4.2 shows the transmission percentage of the aluminum baffles together with

the copper housing used in the experiment.

The transmission percentage of gamma radiation through the cooper housing

is 7.1%, together with the aluminum baffles, the transmission percentage was reduced

by two orders of magnitude, therefore significantly reduces the noise generated by the

gamma radiation.

4.3 Fit Functions

Beta decay (β-decay) is a type of radioactive decay where a beta particle (elec-

tron or positron) is emitted from an atomic nucleus, transforming its original nuclide

to its isobar. Beta emission sources used in this calibration are beta minus (β−) decay,

meaning a neutron converts to a proton, and the process creates an electron and an

electron antineutrino. From the Fermi theory of beta (β) decay, the shape of the energy

distribution for this transition is given approximately by the express [14],

F (Z,W ) =
2(1 + S)

((2S)!)2
(2pρ)2S−2eπη |(S − 1 + iη)!|2 (4.2)

where S = (1 − α2Z2)1/2, ρ = R/(h̄/mc), R is the nuclear radius, ρ is the electron

momentum, Z is the nuclear charge on the daughter nucleus, α is a fine structure

constant and η = Ze2/h̄V where V is the speed of the beta particle far away from the

nucleus.

There have been numerous attempts to give Fermi function simpler approxima-

tions [15, 16, 17, 18, 19]. In this study, we used the approximation given by Venkatara-

maiah, P., et al. [20] which is a simple relation for the calculation of the Fermi function
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Figure 4.2: Transmission percentage as a function of gamma energy for aluminum
(black) and cooper (red). Gamma radiation energy of 137Cs is shown
with a cyan dashed line.
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for momenta p ≥ 25keV/c.

F (Z,W ) = [A+B/(W − 1))]1/2 (4.3)

The constants A and B for the beta emission sources used in the experiment, deter-

mined by a regression procedure are given in table 4.1.

Table 4.1: Values of A and B for Fermi function

E0 Atomic no.
Isotope (keV) of daugther A B

14C 158 7 1.4864 0.0616
137Cs 1173 56 25.2007 23.6665
204Ti 770 82 161.9399 403.5703

Another fitting function used is super-Gaussian function,

g(x) =
1√

2πσ0
exp

(
−(abs(x))N

2σN0

)
(4.4)

with σ = σ0 · (π/2)2/(N−1) and σ0 is the standard deviation. Super-Gaussian distribu-

tion is used to describe higher order Gaussian mode, and therefore more rectangular

distributions. The steepness of the rectangular shape hints for a possible reduction in

size and can be quantified by an additional parameter in the exponent. For N = 2

following function will give a Gaussian distribution, and for large N , the function will

describe a more rectangular distribution, while small N fits a distribution with long

tails on both sides [21]. Figure 4.3 shows the change of shape with different orders

Together with a super Gaussian unit step function at Q-value cutoff and a beta decay

Fermi function, the beta spectra are fit with the following function,

Cfexp(−(bEk/Qmax)
20)((bEk/c+mec

2)− (mec)
2)1/2

×(bEk +mec
2)(Qmax − bEk)2

(4.5)
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Figure 4.3: Profiles for super Gaussian distributions of orders N = 2, 6, 8, 10 and 20.
Order of 20 is used in the fitting function for this experiment.
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where Cf (electrons/s) and b (eV/eV) are fitting parameters in the calibration, Ek is

kinetic energy of the electron, Qmax is the Q-value of each beta emission source, me

is the rest mass of the electron and c is the speed of light in vacuum. Qmax of 0.662

MeV was used for 137Cs due to the high conversion of the 0.662 MeV gamma rays into

electrons at the source.

4.4 Experimental Setup

We used a premium plastic scintillator (Bicron BC-408) coupled to a photomul-

tiplier tube (PMT) to perform calibration of the spectrometer owing to its superior

capability at measuring high energy electrons. The spectrometer was set up as a high

resolution mode as we desire the most accurate calibration results. Emission sources

are placed at the laser focal point, temperately setup at the center of the chamber (ex-

cept for 137Cs, which was placed inside a custom built copper housing and elevated to

the laser focal point using aluminum blocks). To best replicate experiment conditions,

aluminum baffles are mounted in place, and the PMT configuration was used with

standard voltage to acquire electrons from the beta emission sources. The chamber is

pumped down using only the rouging pump, and the collection starts when chamber

pressure reaches 10−1 Torr. We believe this pressure is low enough to generate reli-

able results for the following reason, the mean free path, which represents the average

distance traveled by a moving particle (such as an atom, a molecule, in this case, an

electron) between consecutive impacts can be written as

λ =
RT√

2πd2NAP
(4.6)

where R is the ideal gas constant, T is the absolute temperature, d is the diameter of

the atom/molecule, NA is Avogadro’s number and P is the pressure.

Based on equation (4.6) at our operating pressure, the mean free path of the

electron is 7 × 104 meter, while the average travel distance from the laser focal point

to the detector in our spectrometer is 0.7 meter. It is extremely unlikely that any dis-

turbance will impact the electron trajectory from the laser focal point to the detector.
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Additionally, unlike MCP detectors, scintillators do not require a UHV environment

to operate.

According to the dimensions of the spectrometer and the activities of the beta

emission sources, the peak count rate for all three sources is 3 counts/s or ∼ 10−4

counts/(eV · s). Electronic signals generated by the PMT feeds into an oscilloscope

via impedance matched coaxial cable for analysis. PMT signals were voltage discrim-

inated and analyzed using a digital phosphor oscilloscope with two independent 500

MHz channels with 5 GS/s maximum real-time sampling rate (TDS5052). Fast frame

accusation was employed as the primary method for signal analyze, due to its excep-

tional ability to count a large amount of signal in a short time. Event rates at each fixed

magnet analyzer current, namely fixed Ek were recorded. 11 - 15 different measure-

ments were taken for each beta emission source, ranging from 10 KeV to beyond the

Q-value of each source, i.e., the total energy released in the beta decay. Measurements

are done randomly, namely, the currents were not recorded in a particular ascending

or descending order. Such arrangement can largely increase the reliability of the data,

as it eliminates the chance of having signal change caused by merely the amount of

time an apparatus has been operating. Standard demagnetization operations were

performed.

4.5 Experimental Results and Discussion

After extracting the information of the count rate at different magnetic analyzer

currents, a mapping between count rate and electron energy was obtained using the

relationship mentioned in figure 3.12. Measured beta spectra were then fitted using

equation (4.5) with the results shown in figure 4.4.

The highest electron energies observed were 125 keV, 750 keV, and 770 keV for

14C, 137Cs, and 204Ti, respectively. The vertical error bar represents signal shot noise.

Observations can be made from the beta spectra presented above in the low energy

region (< 50 keV). The deviation of the expected value from the measurements is

relatively large, this is expected as detected electrons below 25 keV are not used in the
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Figure 4.4: Electron yields with a 3 cm scintillator and PMT detector configured is
shown with 14C (a), 137Cs (b) and 204Ti (c). 95 % confidence band are
shown with shading.
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fitting routines due to their limited validity with the Fermi beta function. Furthermore,

scintillators are known to have a low detection efficiency at low energy range [22].

Measurement values agree with the expected value much more closely in the high

energy region (> 50 keV) of the beta spectra. Results indicate the spectrometer is

capable of detecting high energy electrons with high efficiency. Based upon these fits,

we expect an energy calibration accuracy of 10% for the spectrometer.

4.6 Conclusions

We have presented spectrometer calibration using three beta emission radioac-

tive sources, 14C, 137Cs, and 204Ti. Electrons with energies up to 770 keV are observed

in the experiment. The beta spectra above 50 keV, in terms of electrons yield per

second, are in agreement with a super Gaussian unit step function at Q cutoff and a

beta decay Fermi function fitting function. The agreement indicates the spectrometer

is capable of capturing high energy electron with high efficiency.

For electron energies below 25 keV, we noticed a large deviation from the fitting

function and measurement value. It is caused by the inherited lack of validity with the

Fermi beta function at such energies.
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Chapter 5

LASER PHOTOIONIZATION SPECTRA

5.1 Introduction

Ultrahigh intensity laser light has always been imperative for advances across a

board range of topics, including plasma physics [1], quantum control [2], multielectron

ionization [3], recollision dynamics [4], attosecond science [5], molecular dynamics [6],

optical science [7], high harmonic generation [8], coherent x-rays [9], and laser-induced

fusion [10] to name a few. Current laser technology [11] has bought about the ultrahigh

intensities (∼ 1019 W/cm2) in a laser focus, and the current goal of design [12] is an

ambitious 1024 W/cm2. These ultrastrong fields exceed the traditional strong field

regime and push the physics into relativistic interactions.

In traditional strong fields (up to 1016 W/cm2), experiments have verified the

majority of the electrons released process kinetic energies < 200 eV [13]. Since the elec-

tron’s kinetic energy is small compared to its rest mass energy, the electrons possess

a speed insignificant compared to that of light. Traditional spectroscopy techniques

such as time-of-flight (TOF), velocity map imaging [14], and cold target recoil ion mo-

mentum spectroscopy [15] have revolutionized laser-matter interactions measurements.

Precision measurements of photoelectron momentum and energy distributions have

provided essential insight into dynamics in strong laser fields [13].

Beyond the strong field, ultrastrong laser fields have increased laboratory light

sources to intensities “billions and billions” time the intensity of sunlight on the earth

[16]. Ultra-intense light-matter interactions have a profound influence on high field

physics through the break down of the approximation v/c = 0, as photoelectrons with

millions of electron-volts of energies been created by lasers [17], the introduction of laser
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magnetic field effect, ~Blaser, suppression of non-sequential ionization and many other

phenomena. Atomic measurements have demonstrated the production of relativistic

electrons from atoms interaction with an ultrastrong field by direct measurement of the

photoelectron [18, 19] and indirectly from Thomson radiation [20]. At 1019 W/cm2, the

interaction of ultraintense laser with atoms and molecules creates photoelectrons with

energies of 106 eV [21], well beyond the 200 eV limit of conventional apparatus. Tradi-

tional laser-matter spectroscopy techniques failed to accurately analyze photoelectrons

and ions from ultrahigh intensity studies with terawatt and petawatt laser systems.

In this chapter, we present and discuss the results of experiments measuring

the photoelectron spectra, angular distributions and photoelectron yields from the

interaction of argon (Ar) atoms and chloromethane (CH3Cl) molecules with a laser

field of peak intensity of 1 × 1019 W/cm2, center wavelength 790 nm and a pulse

duration of 40 fs. The forward polar angles of θ = 90◦ and θ = 75◦ were integrated.

The maximum photoelectron energy of 1.4 MeV was observed.

5.2 Photoelectron Dynamic in Relativistic Laser Fields

In the non-relativistic limit, the kinematics of a photoelectron in a laser is fully

classical. Laser’s electric field ~Elaser will impact the dynamic of the photoelectron.

However, once entered the relativistic regime, namely v/c ≈ 1, as we discussed pre-

viously that the laser magnetic field, ~Blaser is no longer neglectable, one can express

Newton’s second law as,
d~p

dt
= e( ~Elaser + ~v × ~Blaser) (5.1)

where e is the charge of an electron, t is the time, and the momentum ~p is

~p = γm0~v (5.2)

and γ is the Lorentz factor

γ =
1√

1− v2/c2
(5.3)

89



Here m0 is the rest mass of the electron, v is the electron’s velocity, and c is the

speed of light in vacuum. In the paraxial limit, one can neglect all field components

except the transverse fields, the field components in equation (5.1) can be written as,∣∣∣ ~Ex∣∣∣ = c
∣∣∣ ~By

∣∣∣ (5.4)

while field components on the other directions are.∣∣∣ ~Ey∣∣∣ =
∣∣∣ ~Ez∣∣∣ =

∣∣∣ ~Bx

∣∣∣ =
∣∣∣ ~Bz

∣∣∣ = 0 (5.5)

Equations above localize electron motion to the x̂-ẑ plane so that,

pz =
p2x

2m0c
(5.6)

The coordinate system used here has been discussed in Section 3.2. Equation (5.6)

confines the motion of the electron to the plane containing the polarization and prop-

agation axes. However, in ultrastrong fields, nonparaxial field components [22] can

significantly alter the path of the free electron [23]. Such factors expose photoelectrons

to more extended and complicated regions of the ultrastrong laser focus. For that,

longitudinal field terms must be included to describe the motion of photoelectrons in

ultrastrong fields accurately.

5.3 Experimental Setup

A university scale chirped pulse amplification (CPA) laser system [24] operating

at the terawatt (1012 W) level is used in this experiment. It consisting of a Ti:sapphire

self-mode-lock oscillator seeding a ring-type regenerative amplifier and a bow-tie mul-

tipass amplifier with a final output of 150 mJ/pulse at 790 nm with a 40 fs pulse

duration operating at 10 Hz. A 30◦ off-axis f/2 parabolic gold-coated mirror focused

the laser beam to a spot size of 2 µm in an effusive room temperature sample gas jet.

The laser system and focusing geometry have demonstrated intensities of 1019 W/cm2

[21, 25]. During collections, the working pressure in the chamber from the sample gas

is kept below 10−7 Torr with a typical collection done at 2× 10−8 Torr.
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Data collections typically involve 1200 to 20000 laser shots, with the most ex-

tended collection take up to 100000 shots, in other words, several hours with the 10

Hz repetition rate laser system. Two considerable issues arose from the exceedingly

time consuming data collections, namely, maintaining the laser stability and keeping

the magnetic field consistent.

To resolve issues of this kind, we restrained the maximum amount of laser shots

for a single collection to 9000, namely, 15 minutes. This approach provided us several

benefits. It allows a routine check of the laser power in-between measurements. A

light scattering screen was set up right before the laser entering the chamber. The

scattered light was then captured using a photodiode with a series of neutral density

filters to avoid detector saturation or damage. The laser system is tweaked based on

the photodiode measurements. On the other hand, photoelectron energy measurements

are taken randomly. Data collected at the same current will be combined and analyzed.

Ohmic heating introduced resistance increasing, together with residual magnetic

field caused by magnetic hysteresis effect could significantly affect the reliability of the

measurements. Therefore they must be addressed with great caution. Current going

through the electromagnet was monitored throughout the entire data collection by a

digital multimeter with a resolution of 0.001 A, the current variation never exceeds

0.02 A during collections. A dark count/background measurement was carried out

following every measurement. Rather than disconnect the electromagnet from the DC

power supply, they were connected with reverse polarity, therefore created an opposite

field. A configuration of this kind ruled out the residual magnetic field, hence ensuring

a pure background from the detector. Additionally, dark count measurements are

typically taken at a reduced voltage, so it can also act as a “cool down” time for the

electromagnet.

Once the photoelectrons have been deflected, a 1 cm thick plastic scintillator

optically coupled to a 2” fast PMT was used to detect the photoelectrons. Signals

are sent to a preamplifier (Ortec VT 120), a voltage discriminator (Ortec 9307), and

finally a picosecond time analyzer (Ortec PTA 9308), the signal is then digitized and
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downloaded to a computer to generate TOF histograms. A sample TOF spectrum

is shown in figure 5.1. Signals in the TOF spectrum were selected by the calculated

flight time of different energies of photoelectrons. Two factors determine the range

of timing window, the energy resolution of the spectrometer, ∆EK/Ek = 0.4, and the

response time of the electronics utilized in this experiment, namely, PMT response (2.5

ns), scintillator decay time (2.5 ns), and other electronics. The fastest pulse full-width

at half-maximum (FWHM) is 4.7 ns for photons and high energy electrons. Figure

5.2 illustrates the centroid arrival time of different photoelectron energies in the TOF

histogram.

5.4 Energy and Angle Resolved Photoelectron Spectra

The energy resolved photoelectron spectra for a linear polarized laser field with

a peak intensity of 1× 1019 W/cm2 is shown in figure 5.3, 5.4, 5.5 in units of electron

counts per laser shot into a keV energy bin. The collections are at θ = 90◦ and θ = 75◦

from k̂ of the laser propagation direction for argon (Ar) and θ = 75◦ for chloromethane

(CH3Cl). The horizontal error bars represent the 40% energy uncertainty ∆Ek/Ek of

the spectrometer. The vertical error bars represent signal shot noise, the noise floor of

the spectrometer calculated from the background/dark measurements are shown with

gray shading.

The energy spectra reveal photoelectrons with energies from 20 keV up to a

maximum energy of 1.4 MeV for both argon (Ar) and chloromethane (CH3Cl). The

intensity of 1×1019 W/cm2 is lower than in previous studies, primarily due to wavefront

distortions in the final steering optics to the chamber and parabolic focusing optic. The

intensity is still sufficiently high to ionize the L shell of argon, which is the source of

high energy electrons at an energy of order 1 MeV. With the low energy electrons

have the highest probability of production. The electron yield decreases as the energy

increases. However, the yield of high energy electrons at this energy will be lower by a

factor of 101 to 102.
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Figure 5.1: Sample time of flight spectrum obtained, thick dark lines represent the
captured electron counts per time bin. The dashed line represents the
photon flight time (∼ 107 ns).
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Figure 5.2: Centroid arrival time as a function of different photoelectron energies,
the dashed line represents the arrival time of photons (∼ 107 ns).
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Figure 5.3: Photoelectron spectra in the single atom limit at an intensity of 1× 1019

W/cm2. Chloromethane is shown at θ = 75◦ The resolution of ∆Ek/Ek is
shown with horizontal error bars and vertical error bars represent signal
shot noise. Gray shading shows the noise floor.
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Figure 5.4: Photoelectron spectra in the single atom limit at an intensity of 1× 1019

W/cm2. Argon is shown at θ = 90◦. The resolution of ∆Ek/Ek is shown
with horizontal error bars, and vertical error bars represent signal shot
noise. Gray shading shows the noise floor.
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Figure 5.5: Photoelectron spectra in the single atom limit at an intensity of 1× 1019

W/cm2. Argon at θ = 75◦ is shown. The resolution of ∆Ek/Ek is shown
with horizontal error bars, and vertical error bars represent signal shot
noise. Gray shading shows the noise floor.
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5.5 Conclusions

We have constructed a MeV photoelectron spectrometer that is capable of col-

lecting > 104 signal dynamic range electron spectra with atomic and molecular samples

in ultrahigh intensities at different angles and ∆Ek/Ek energy resolution. The pre-

sented UHV, magnetic deflection spectrometer with a rotational analyzer is capable of

quantifying photoelectrons from the single atom and molecule response to an ultrahigh

intensity laser. The specifications included a range of energies from 20 keV to 2 MeV,

an angular resolution 2◦, an adjustable measurement angle within a solid angle of ∼2π

steradian, and a noise floor of order 10−1 events/(shot-Torr-keV).
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Chapter 6

SUMMARY

The work presented in this dissertation provided a comprehensive and thor-

ough description of the design and fabrication process of a photoelectron spectrometer

capable of quantifying photoelectrons with energies span from 20 keV to 2 MeV. To

the best of our knowledge, the spectrometer presented here is the first one capable of

measuring photoelectrons from the interactions between ultrastrong fields and single

atom and molecule reliably and accurately. This brief final chapter provides a con-

densed summary of work completed in the dissertation, potential future direction and

the continuation of the presented work will be provided at the end.

6.1 Apparatus for Photoelectron Measurements

In Chapter 3, we detailed the design and fabrication process of a high field

photoelectron spectrometer. One of the most outstanding characteristics of this spec-

trometer is its capability of measuring photoelectron emitting from θ = 5◦ to θ = 100◦

with respect to the laser propagation vector k̂ continuously. In addition, the excep-

tionally powerful custom-built electromagnets can deflect photoelectrons with energy

up to 2 MeV with an energy resolution ∆Ek/Ek = 40%. The combination of those

features, together with the ultrahigh vacuum interaction region, empowers the spec-

trometer to perform photoelectron measurements in ultrastrong intensity regime with

single electron sensitivity.

6.2 Calibration and Photoionization Spectra

In Chapters 4 and 5, we thoroughly discussed the calibration process as well as

the photoelectron spectra generated by both argon (Ar) and chloromethane (CH3Cl)
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at different angles. The spectrometer has extraordinary signal to noise ratio after

implementing various noise reduction techniques. The Noise level has been suppressed

to an extremely low 10−6 counts/shot. Three radioactive sources with beta emission

energies span from 1 keV up to almost 1.2 MeV were employed in energy calibration.

The results suggest an energy calibration accuracy of 10% for this spectrometer.

Subsequently, we measured Lorentz deflected photoelectrons created from the

photoionization of argon and chloromethane with an ultrastrong, 1×1019 W/cm2 laser

field, measurements including photoelectron yields, energy and angular resolved spec-

trum. Maximum photoelectrons energy of 1.4 MeV was observed. The measurements

demonstrated that the spectrometer is capable of collecting a high signal dynamic

range (> 104) photoelectron spectra up to MeV energies with both atomic and molec-

ular sample gases at different angles [1].

6.3 Future Considerations

Ultrahigh intensity lasers have opened frontiers in science and new challenges

to quantify the observables. Photoelectron spectroscopy for ultrahigh intensity laser

experiments with the atoms and molecules requires measurements beyond traditional

spectroscopy.

Magnetic deflection has been the spectrometer design most widely used in

atomic [1, 2], molecular [3], plasma [4], and condensed matter [5] high intensity laser

experiments. The spectrometer presented here represents this technique applied to

single atom and molecule interactions with ultraintense lasers. The apparatus pro-

vides the current technical limit of background event rates, single electron sensitivity,

∆Ek/Ek, and angular resolution.

In this application, the primary concerns that emerged included the solid an-

gle of collection, ∆Ek/Ek for a diverging source, and shielding of the detector from

background light emitted by the highly excited ions at the laser focus. The energy res-

olution of the magnetic deflection photoelectron spectrometer can be further improved

for enhanced precision measurements in the future. The current energy resolution of
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40% can be improved by a larger dimension magnetic area and electromagnet with

better axial field uniformity.

In the calibrations completed in Chapter 4, an electron gun instead of beta emis-

sion radioactive sources could increase the energy calibration accuracy and reliability.

For experiments conducted in Chapter 5, we investigated only two polar angles θ = 75◦

and θ = 90◦. Such measurements can be extended with a series of angles to take full

advantage of the high range of motion rotational magnetic analyzer, thereby acquiring

a complete angular resolved photoelectron spectra.

The current spectrometer design could operate at intensities of up to 1020

W/cm2. However, with the rapid development of laser technology, it is reasonable

to expect even more intense laser fields. For intensities beyond 1020 W/cm2, pho-

toelectron energies are likely to exceed 100 MeV. Photoelectrons with utterly high

energies possess speed extremely close to the speed of light, limitations in the mag-

netic field will result in larger gyromagnetic radii, and the detector geometry would

need to be modified to allow small angle deflection measurements, of order a few de-

grees, rather than the 60◦ magnetic deflection angle used here. Modification of such

kind can be implemented by reducing the separation between the laser focal point and

the electromagnet analyzer, as well as reposition the detector.

An additional concern for petawatt lasers lies within the low pulse repetition

rate. The experimental apparatus presented uses a single channel detector and single

angle magnet analyzer. This design has successfully characterized the energy, angle re-

solved photoelectron spectra for the atomic response to ultrastrong fields over decades

of the signal range. However, the current configuration has lengthened the data col-

lections to exceedingly long durations on high energy photoelectron acquisitions. The

next step would be to improve the magnet design and increase the analyzed angles and

detection channels to determine a complete angle and energy resolved spectra with few

laser shots. Current efforts are underway to extend these single channel results to a

multiple angle magnet analyzer and multichannel analyzer design. Such improvements
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should make collecting photoelectrons emitting with different energies and angles si-

multaneously achievable.
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Reproduced from [Luo, S. Y., Grugan, P. D., Demircioglu, Z., Hoos, A., Ger-

main, Z., McIntyre, R. A., ... & Walker, B. C. (2019). MeV photoelectron spectrometer

for ultraintense laser interactions with atoms and molecules. Review of Scientific In-

struments, 90(7), 073104.], with the permission of AIP Publishing.
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Appendix B

SOURCE CODES

B.1 Wire Gauge Determination

A python file to calculate the maximum magnetic field possible based on the

geometry of the solenoid, the wire gauge and the power supply specifications.

import numpy as np

import matp lo t l i b . pyplot as p l t

import time

from math import pi , f l o o r , c e i l

# d e c l a r e Constants

# maximum v o l t a g e o f power supp ly

vo l tage = 24

# r e s i s t i v i t y o f copper

CuResist = 1.68∗10∗∗−8

# outer Diameter

OD = 3.5

# inner Diameter

ID = 2 .5
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# d i f f e r e n c e between outer diameter and the p l a t e

delX = . 5

# l e g n t h o f the s o l e n o i d

L = 4

# p e r m e a b i l i t y o f f r e e space

muC = 1.256629∗(10∗∗−6)

# r e s t mass o f e l e c t r o n s

mElectron = 9.10938356∗(10∗∗−31)

# charge o f e l e c t r o n s

chargeE =1.60217662∗(10∗∗−19)

# speed o f l i g h t

C = 2.99792458 e8

# mass in energy u n i t s

MassEinJ = 8.187 e−14

# conver t from inches to meters

def inchToM( va l ) :

return va l ∗0.0254

# p o s s i b l e wire gauge

potent ia lGauges = {10:2 .5882∗(10∗∗ −3) ,

12:2 .0525∗(10∗∗ −3) ,
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14:1 .6277∗(10∗∗ −3) ,

16:1 .2908∗(10∗∗ −3) ,

18:1 .0237∗(10∗∗ −3) ,

20:0.8118∗(10∗∗ −3)}

# d e f i n e a f u n c t i o n

def valueDeterminat ion ( gaug ) :

# s e t i n i t i a l max magnetic F i e l d

maxB = 0

for gaug in potent ia lGauges :

Length = 0

# f i r s t c a l c u l a t e how many

# l a y e r s you can have :

numLayers = f l o o r ( inchToM( delX ) /

potent ia lGauges [ gaug ] )

# then l o o p s across the d e v i c e

numLoops = f l o o r ( inchToM(L) /

potent ia lGauges [ gaug ] )

for i in range (0 , numLayers ) :

# Find r a d i u s o f each layer ,

# not ing t h a t i t grows wi th more

# l a y e r s i t wraps around

rad iu s = inchToM ( 3 . 5 ) / 2 +
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i ∗( potent ia lGauges [ gaug ] )

# r a d i u s o f one r i n g t imes

# of r i n g s at t h a t l a y e r

Length += 2∗ pi ∗ rad iu s ∗numLoops

# c a l c u l a t e curren t o f the whole wire

r e s i s t a n c e = CuResist ∗

Length / ( p i ∗ ( ( potent ia lGauges [ gaug ] /2)∗∗2))

print ( CuResist , L , pi , potent ia lGauges [ gaug ] / 2 )

cur r ent = vo l tage / r e s i s t a n c e

# NOTE: cosntant mu normal ized to 1

B = numLayers ∗ cur r ent

# determine the maximum magnetic f i e l d v a l u e

i f B > maxB:

maxB = B

bestGauge = gaug

bestLay = numLayers

bestLoop = numLoops

b e s t R e s i s t = r e s i s t a n c e

bestLength = Length

# p r i n t out the output

print ( ’Maximum Magnetic F i e ld i s ’ , muC∗maxB,

’T Achieved with a wire o f ’ , bestGauge , ’ gauge \n ’ )
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print ( ’ This r e q u i e r s : ’ , bestLay , ’ l aye r s , and ’ ,

bestLoop , ’ l oops a c r o s s the s o l e n o i d \n ’ )

print ( ’ This has r e s i s t a n c e : ’ , b e s tRes i s t , ’\n ’ )

print ( ’ Current in the system in p a r a l l e l : ’ ,

vo l t age / ( r e s i s t a n c e /2) , ’A ’ )

print ( ’ Current in the system in s e r i e s : ’ ,

vo l t age / ( r e s i s t a n c e ∗2) , ’A ’ )

return muC∗maxB
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B.2 Electron Trajectory Simulation

A simulation of the photoelectron trajectory when being deflected by the mag-

netic field, written in Python.

# import packages

import numpy as np

import matp lo t l i b . pyplot as p l t

import time

import math

# d e c l a r e Constants

# mass o f the e l e c t r o n s

mElectron = 9.10938356∗(10∗∗−31)

# charge o f the e l e c t r o n s

chargeE =1.60217662∗(10∗∗−19)

# mass in energy u n i t s

MassEinJ = 8.187 e−14

# spped o f l i g h t in vacumm

C = 2.99792458 e8

# d e f i n e Elec ton Path Function
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# in terms o f energy in keV ,

# current o f e l ec t romagne t

# and the ang l e wi th r e s p e c t to h o r i z o n t a l

def e l ec t ronPath ( energy , mA, theta ) :

# d e f i n e d e f a u l t s t a t u s

h i t sTarge t = Fal se

# d e f i n e magnetic f i e l d magnitude

# based on curren t

B1 = mA∗0.113

B1 /= 1e4

B2 = mA∗0.078

B2 /= 1e4

B3 = mA∗0.034

B3 /= 1e4

B4 = mA∗0.012

B4 /= 1e4

# conver t energy from keV to j o u l e

energy = energy ∗1.60218∗10∗∗(−16)

# c a l c u l a t e magnitude o f momentum

# based on energy

momentum = s q r t ( energy ∗∗2 − MassEinJ ∗∗2)

# g i v i n g momentum angu lar d i s t r i b u t i o n
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momenta = np . array ( [ momentum∗np . s i n ( theta ) , 0 ,

momentum∗np . cos ( theta ) ] )

# c a l c u l a t e i n i t i a l r e l a t i v i s t i c speed

v i n i t = s q r t ( ( ( momentum/mElectron )∗∗2)/

(1+(momentum/mElectron )∗∗2/(C∗∗2) ) )

# c a l c u l a t e Lorentz f a c t o r

gamma = 1/(np . s q r t (1−( v i n i t ∗∗2)/(C∗∗2) ) )

# p r i n t i n i t i a l v e l o c i t y f o r examination

print ( v i n i t )

# d e c l a r e maximum t r a v l e time based on

# spec trometer geometry

maxTime = 1∗10∗∗−7

# c o v e r t ang l e from radiand to degree

theta = theta ∗math . p i / 180

# magnetic f i e l d c e n t e r c o o r d i n a t e

# and r a d i u s

xc = 0.15875

zc = 0.03

r1 = 0.025

r2 = 0.035

r3 = 0.045

r4 = 0.055
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# d e f i n e i n i t i a l v e l o c i t y wi th

# angu lar d i s p e r s i o n

v e l o c i t y = np . array ( [ v i n i t ∗np . s i n ( theta ) , 0 ,

v i n i t ∗np . cos ( theta ) ] )

B = valueDeterminat ion ( gauge )

# d e f i n e magnetic f i e l d in v e c t o r form

print (B)

BField1 = np . array ( [ 0 , B1 , 0 ] )

BField2 = np . array ( [ 0 , B2 , 0 ] )

BField3 = np . array ( [ 0 , B3 , 0 ] )

BField4 = np . array ( [ 0 , B4 , 0 ] )

# d e f i n e i n i t i a l p o s i t i o n as l i s t s

xpos = [ ]

zpos = [ ]

# d e f i n e t i m e s t e p

dt = 1e−10

# d e f i n e maximum s t e p s

s t ep s = maxTime// dt

# d e f i n e f o r c e in v e c t o r form

f o r c e = np . array ( [ 0 , 0 , 0 ] )
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# s e t i n i t a l p o s i t i o n at o r i g i n

xpos . append (0 )

zpos . append (0 )

# s t a r t the l o o p s

for i in range (1 , int ( s t ep s ) ) :

print ( ’ Working at time step : ’ , i )

print ( v e l o c i t y , ” i ” , i )

print ( xpos )

print ( zpos )

# new p o s i t i o n a f t e r each time s t e p

try :

xpos . append ( ( xpos [ i −1] +

v e l o c i t y [ 0 ] ∗ dt ) )

zpos . append ( ( ypos [ i −1] +

v e l o c i t y [ 2 ] ∗ dt ) )

print ( ’ appending worked ’ )

# determine which magnetic

# f i e l d magnitude

# to use accord ing to

# e l e c r o n c o o r d i n a t e s

i f np . s q r t ( ( xpos [ i ]−xc )∗∗2 +

( zpos [ i ] − zc )∗∗2) <= r1 :

# c a l c u l a t e Lorentz f o r c e
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f o r c e =

−chargeE∗

np . c r o s s ( v e l o c i t y , BField1 )

# c a l c u l a t e new momentum

# a f t e r each time s t e p

momenta = momenta +

chargeE∗np . c r o s s ( v e l o c i t y , BField1 )

# c a l c u l a t e the

# magnitude o f the momentum

momentum = s q r t (momenta [ 0 ]∗∗2 +

momenta [ 2 ] ∗ ∗ 2 )

# c a l c u l a t e new v e l o c i t y

# us ing new momentum

v e l o c i t y =

s q r t ( ( ( momentum/mElectron )∗∗2)/

(1+(momentum/mElectron )∗∗2/(C∗∗2) ) )

print ( ’ v e l o c i t y worked ’ )

# p r i n t out p o s i t i o n

print ( ”x” , xpos [ i −1] , ”z” , zpos [ i −1])

e l i f np . s q r t ( ( xpos [ i ]−xc )∗∗2 +

( zpos [ i ] − zc )∗∗2) <= r2 :
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f o r c e = −chargeE∗

np . c r o s s ( v e l o c i t y , BField2 )

momenta =

momenta +

chargeE∗np . c r o s s ( v e l o c i t y , BField2 )

momentum = s q r t (momenta [ 0 ]∗∗2 +

momenta [ 2 ] ∗ ∗ 2 )

v e l o c i t y =

s q r t ( ( ( momentum/mElectron )∗∗2)/

(1+(momentum/mElectron )∗∗2/(C∗∗2) ) )

e l i f np . s q r t ( ( xpos [ i ]−xc )∗∗2 +

( zpos [ i ] − zc )∗∗2) <= r3 :

f o r c e = −chargeE∗

np . c r o s s ( v e l o c i t y , BField3 )

momenta =

momenta +

chargeE∗np . c r o s s ( v e l o c i t y , BField3 )

momentum = s q r t (momenta [ 0 ]∗∗2 +

momenta [ 2 ] ∗ ∗ 2 )

v e l o c i t y =
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s q r t ( ( ( momentum/mElectron )∗∗2)/

(1+(momentum/mElectron )∗∗2/(C∗∗2) ) )

e l i f np . s q r t ( ( xpos [ i ]−xc )∗∗2 +

( zpos [ i ] − zc )∗∗2) <= r4 :

momenta =

momenta +

chargeE∗np . c r o s s ( v e l o c i t y , BField3 )

momentum = s q r t (momenta [ 0 ]∗∗2 +

momenta [ 2 ] ∗ ∗ 2 )

v e l o c i t y =

s q r t ( ( ( momentum/mElectron )∗∗2)/

(1+(momentum/mElectron )∗∗2/(C∗∗2) ) )

# i f t h e r e i s no magnetic f i e l d presen ted

else :

f o r c e = np . array ( [ 0 , 0 , 0 ] )

print ( ”x” , xpos [ i ] , ”y” , ypos [ i ] , ” i ” , i )

# i f t h e r e i s an error
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# f o l l o w i n g code a l l o w

# us to know on which

# i t e r a t i o n i t went worng

except :

print ( ’ Error at t imestep ’ , i , ’\n pos i s

( ’ , xpos [ i −1] , ypos [ i −1] , ’ )\n Force i s : )

break

# dimension o f the detecor

i f ( 0 . 109 <= xpos [ i ] and xpos [ i ] <= 0 .13 )

and ( zpos [ i ] > 0 . 1 5 2 4 ) :

# where the e l e c t r o n h i t s

p r i n t ( ’X: ’ , xpos [ i ] )

# output the momentum

pr in t (”momentum: ” , momentum)

#output the energy

p r i n t (” energy : ” , energy )

# pr in t the t o t a l time

# e l e c t r o n has t r a v l e d

p r i n t ( ’ time : ’ , i ∗1e−10)

# p lo t the t r a j e c t o r y

f i g = p l t . f i g u r e ( )

ax = f i g . add subplot ( 1 , 1 , 1 )
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p l t . p l o t ( xpos , ypos )

p l t . xl im ( [− . 04 , . 3 4 ] )

p l t . z l im ( [− . 02 , . 5 ] )

p l t . p l o t ( [−0.05 , 0 . 0 5 ] , [ 0 . 3 7 , 0 . 3 7 ] ,

l i n ew id th =1)

c i r c = p l t . C i r c l e ( ( xc , zc ) , r ad iu s=r4 ,

f i l l = True , c o l o r=’ c ’ )

ax . add patch ( c i r c )

p l t . show ( )

h i t sTarge t = True

break

# i f does not h i t the detecor , d i s ca rd

i f ( ypos [ i ] > 0 .1524 and xpos [ i ] < 0 . 1 ) or

( ypos [ i ] > 0 .1524 and xpos [ i ]>0.15) :

p r i n t ( ’TARGET MISSED ’ )

break

re turn h i t sTarge t

# determine f i e l d va lue that can d e f l e c t

# c e r t a i n energy o f e l e c t r o n s

# to the de t e c t o r
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p o t e n t i a l B f i e l d = [ ]

f o r mA in range (1400 , 1701 , 1 0 ) :

i f e l e c t ronPath (50 , mA , 0 ) :

p r i n t ( ’ B f i e l d : ’ , mA∗113/1 e3 )

p r i n t (”ma: ” ,mA)

p o t e n t i a l B f i e l d . append (mA∗113/1 e3 )

p r i n t ( p o t e n t i a l B f i e l d )

# c a l c u l a t e f o r c e r t a i n magnetic f i e l d ,

# upper and lower l i m i t o f

# e l e c t r o n s that can reach the de t e c t o r .

f o r a in range (−20 ,61 ,10) :

p o t e n t i a l E n e r g i e s = [ ]

h i t s = [ ]

a /= 10

f o r energy in range (1000 , 2001 , 5 0 ) :

i f e l e c t ronPath ( energy , 14450 , a ) :

p r i n t (” ang le : ” , a )

p r i n t ( ’ Energy : ’ , energy )

p o t e n t i a l E n e r g i e s . append ( energy )

h i t s . append (1 )

e l s e :

h i t s . append (0 )
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pr in t ( p o t e n t i a l E n e r g i e s )

# wr i t e r e s l u t s i n to a . txt f i l e

with open(”%s . txt ” % a , ’w ’ ) as f :

f o r item in p o t e n t i a l E n e r g i e s :

f . wr i t e (”%s\n” % item )
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