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ABSTRACT

A HIGH-POWER LASER ABLATION ION SOURCE FOR PENNING TRAP
STUDIES OF RARE ISOTOPES

By

Deborah Ann Davies

A high-power laser ablation ion source has been developed, characterized and im-
plemented as part of the Low Energy Beam and Ion Trap (LEBIT) experiment at the
National Superconducting Cyclotron Laboratory. LEBIT was developed to make pre-
cision measurements of rare isotopes, including mass measurements with a Penning
trap. The system relies on thermalizing nuclear reaction products in a helium-filled
cell and then extracting them from the gas through ion-manipulation and differen-
tial pumping. Atomic ions and clusters are needed to calibrate various aspects of the
entire system such as transport efficiency and the main magnetic field, in addition
to understanding properties of the helium-filled gas cell. High-power laser ablation
has proven to be a successful method for producing a wide range of ions under vari-
ous conditions, including atmospheric pressure. Laser ablation studies of C, Al, Ag,
Au, Cu, Fe, and Zn were carried out in two separate chambers, one under vacuum
conditions and one under buffer gas conditions, with the second harmonic, 532 nm,
from a Q-switched Nd:YAG laser. A series of calculations were done to model the
ablation process and various ablation parameters of the system, and the ion trajec-
tories of the ablated ions were modeled with the computer program SIMION. Many
studies were carried out under vacuum using an ion-drift system and mass analysis
in a residual gas analyzer (RGA). The ablation target and laser optics were moved
to the gas cell and several ablation studies were performed, including measurements

of the extraction time and the ion mobility for ions traveling through the gas cell.
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Chapter 1

Introduction

The goal of the present work was to develop. characterize, and implement a laser
ablation system to produce ions for calibrations and other studies in the gas cell
at the beginning of the Low-Energy Beam and lon Trap (LEBIT) system. LEBIT
was designed to make precision measurements, including mass measurements and
laser spectroscopic studies, of exotic nuclei produced at the National Superconducting
Cyclotron Laboratory (NSCL). The NSCL produces a broad range of short-lived
exotic nuclei by projectile fragmentation [1], a process that is not well matched to
precision measurements in ion traps. The first component of LEBIT is a gas cell to
thermalize the energetic, fast, exotic fragments, which are transported to a Penning
trap, the key apparatus in LEBIT, for precision mass measurements. This introduction
provides an overview of the LEBIT project, including a description of precision mass
measurements and a few experimental details. A description of the background and
motivation for the laser ablation project will be given, followed by a brief discussion of
the laser ablation ion source. This dissertation discusses the laser ablation experiment,

its results, and their significance.



1.1 Precision Mass Measurements

The mass of a nucleus m(Z, N) is one of its fundamental nuclear properties, and is
defined as the sum of the masses of its constituent protons and the masses of its

constituent neutrons, minus their binding energies B:
m(Z,N) = Zmp+ Nmp, — B/?, (1.1)

where my, is the mass of the proton, m,, is the mass of the neutron, Z is the proton
number, N is the neutron number, and c is the speed of light. The theories that
predict the masses of nuclei far from stability generally diverge [2], which can be seen
in Figure 1.1. For isotopes close to stability, the atomic masses are known within
a typical accuracy of several keV out of a total of approximately 1 GeV per mass
unit. For nuclei that are unstable to 3 decay, however, the accuracy for the known
masses is typically on the order of ém/m = 10~ to 1076 [3]. Penning traps provide
a high-precision method of determining nuclear masses, producing mass accuracies as
high as ém/m = 10~!! or better [2-5]. LEBIT has implemented a Penning trap to
make precision mass measurements of the radioactive isotopes produced at the NSCL
with a precision on the order of 1078 [6], and will be discussed further in Chapter 5.
The precision mass measurements are dependent on accurately knowing the magnetic
field strength, which is possible with calibration ion sources such as the laser ablation

ion source discussed in the present work.

1.2 The NSCL

At the NSCL, rare isotopes are created via fragmentation reactions with primary
(stable) beams in the range of oxygen to xenon, and thus, a large range of isotopes are
available for study as shown in Figure 1.2. Tandem cyclotrons (the K500 and K1200)

are coupled to accelerate ions created in an Electron Cyclotron Resonance (ECR)
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Figure 1.1: The mass divergence of rubidium isotopes, from [7].

source. The approximately 150 MeV /nucleon fully accelerated beam impinges on a
thin target of material such as beryllium, creating unstable isotopes via fragmentation
reactions. The A1900 fragment separator [8] then selects the desired isotopes using
a magnetic rigidity/energy loss technique. The selected high-energy isotope beam is
then routed to the experimental vaults at an energy of approximately 100 MeV/A.
One such vault is the N4 Vault, where the gas stopping station resides. A diagram of
the tandem cyclotrons and the A1900 is given in Figure 1.3. The fast ions traveling at
approximately one-third the speed of light must be slowed down to thermal velocities

for precision measurements.
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Figure 1.2: The production yield of exotic nuclei at the NSCL. The white boxes
represent the stable nuclei and the paths of the astrophysical r and rp processes are
shown.

1.2.1 The Gas Stopping Station and LEBIT Overview

As part of experiments with the LEBIT system, the high-energy beam is first sent to
the gas stopping station [9-12]. The ions are thermalized in a buffer gas and then the
buffer gas has to be stripped away. The gas stopping station includes various energy
degraders prior to the entrance window of the helium-filled gas cell and an overview
of the gas stopping station is shown in Figure 1.4. The ions lose the vast majority of
their energy in the degraders and are thermalized in the helium gas. They begin to
drift towards an exit nozzle due to an applied voltage that creates an electric field. At
the nozzle, the flow of high-pressure gas propels the ion from the high pressure region
into a low pressure region containing a radio-frequency quadrupole (RFQ) ion guide
system. The helium is removed by large vacuum pumps while the ions are transported
by the RFQ through a differentially pumped series of chambers. The ions are then re-

accelerated to 5 keV and sent through a beam line in the shielding wall to a buncher
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Figure 1.3: Schematic diagram of the major components along the path of the cy-
clotron beam from the K500 and K1200 cyclotrons through the A1900 fragment sep-
arator.

device in LEBIT. The beam can then be used in the LEBIT facility for high-precision
mass measurements in the Penning trap [13.14]. A schematic overview of LEBIT is
given in Figure 1.5 including beam lines for other experiments with the thermalized

beams.

1.3 The Gas Cell Laser Ablation System Overview

1.3.1 Motivation

It would be extremely useful to be able to produce a wide variety of stable ions to
test the entire LEBIT system. Laser ablation can create such ions, which can then
be used as test beams, for calibrations, and for studying properties of the gas cell.
An additional goal is to gain further understanding of the laser ablation process
in high-pressure gases. The newly developed laser ablation svstem described herein
provides a method of producing ions at different locations in the gas cell. LEBIT uses
other ion sources closer to the Penning trap, but the laser ablation system provides

a source of ions with a large mass-range in the gas cell that travel along the entire
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Figure 1.5: An overview of LEBIT, starting with the gas cell and ending with the
Penning trap.

LEBIT line. Other sources of ions in the gas cell are a rubidium source [15,16] and a
discharge source, which are fairly straightforward sources to implement. The thermal
rubidium source has the disadvantage that it is only located at one position, emits
only relatively unreactive ions (unlike the energetic ions from the A1900), and the
vacuum system must be opened to install the system. On the other hand, the discharge
device does not require the vacuum system to be opened, but the ions obtained from

this ion source are not always known, nor always reproducible since this depends on



the ionization of vacuum contaminants. Since the vacuum contaminants change over
time, the ions produced are not always constant and are not always easy to identify
with the Penning trap. The laser ablation system has a further advantage that the
laser pulse provides a useful start-signal for time-of-flight measurements, which were
used in this research to measure the ion mobility in the gas cell and ion extraction

from the gas cell.

1.3.2 Laser Ablation Definition and Brief History

Laser ablation is defined as the laser-matter interaction that results in both the re-
moval of at least one-tenth of the target material monolayer per laser pulse in the
irradiated area, and modification of the target material on the mesoscopic level. The
fluence (laser intensity per unit area) required for laser ablation is approximately
1 J/em? [17). First mentioned by Breech and Cross in 1962, laser ablation has an
extensive history, originating at approximately the same time as the laser itself [18].
Since then, the field has transitioned from describing the damage resulting from the
laser-target interaction to focusing on improving the understanding of the complex
processes associated with the creation of plasma, which results from the interac-
tion between the energetic photons and the ablated target material. A large number
of applications of ablation have been developed, including pulsed-laser deposition
(PLD) [19]. The field has expanded to the extent that thousands of publications
exist on the subject and a review is well beyond the scope of the present work. It
is interesting to note some of the widespread and multidisciplinary applications of
laser ablation: nanosurgery [20], the development of optical storage devices [21], art
restoration [22], laser cleaning (23], semiconductor improvement [24], and the fabrica-
tion and modification of nanomaterials [25]. One specific example demonstrates the
utility of laser ablation for the fabrication of new materials: the 1996 Nobel Prize
in Chemistry was awarded to Curl, Kroto and Smalley for their work involving the

laser ablation of graphite in a supersonic jet of a gas mixture to synthesize a new



allotropic class of carbon- the fullerenes [26]. Laser ablation can also be used as an
ion source [27-30], which is the subject of the present work.

The mechanisms and techniques of laser ablation vary greatly and span a large
range of laser fluences. On the lower end of the fluence spectrum is the process of
desorption, which is similar to laser ablation, but involves material removal without
modifying the bulk of the target [31]. For example, Matrix-Assisted Laser Desorp-
tion and Ionization (MALDI) is a low-fluence ablation with approximate fluences of
20 mJ/cm? [32]. In MALDI, a fragile substance such as a protein is embedded within
a solvent or matrix. The laser pulse vaporizes the sample, ideally removing only the
matrix, and the protein is left ionized and intact in the gas phase. Information such as
the mass or structure of the protein can then be obtained by mass analysis of the ion.
An example of intermediate fluence is pulsed laser deposition (PLD), which involves
the evaporation of a sample onto a thin film for applications such as semiconductor
fabrication [19]. On the other hand, higher power ablation applications include the
removal of debris orbiting earth using a high-power laser, with average pulsed laser

powers of 100 kW [33].

1.3.3 Laser Ablation Systems at Other Facilities

Laser ablation ion sources have been implemented at two other radioactive beam
facilities [5,34]. Various aspects of these facilities and the laser ablation systems dif-
fer from the one implemented in this research. The ISOLTRAP facility at CERN in
Geneva, Switzerland, makes precision measurements on low-energy radioactive beams
produced using the Isotope Separation Online (ISOL) method [35], in which a beam of
light ions is incident on a thick target. The beam produced is a low-energy beam of ap-
proximately 60 keV [4], and since the beam is already at a low energy, no gas stopping
station is needed. A laser ablation system has been utilized at ISOLTRAP, differing
from the NSCL system in both its geometry and the operating conditions such as the

background vacuum conditions and higher voltage acceleration electrodes [5]. The



laser ablation of Cgg is used to provide mass references for low-energy mass measure-
ments at ISOLTRAP [36]. Carbon is useful as a mass reference since its mass is exactly
known; the atomic mass unit is defined by the mass of carbon. The ISOLTRAP laser
ablation system is directly prior to a Penning trap and situated perpendicular to
the beam axis. The ions are injected into the Penning trap with high energy due to
the high voltage applied to the target, 2.7 kV. Other ablation targets include gold,
gadolinium, and allotropes of carbon including Sigradur T (glassy carbon) [37].

A different laser ablation system has been utilized at SHIPTRAP at GSI in Darm-
stadt, Germany, which uses radioactive beams produced via fragmentation with beam
energies on the order of 5 MeV /nucleon [38]. SHIPTRAP'’s laser ablation ion source
is used to calibrate the TOF-MS systemn using the 532 nm second harmonic from a
Nd:YAG laser to ablate Cgg [34].

Similar to other laser ablation systems, the LEBIT laser ablation system was
initially designed to produce atomic ions to calibrate various aspects of the entire
system including transport efficiency and the main magnetic field of the Penning
trap. However, the laser ablation system has to work in high pressure gas to produce
the clusters and ions, unlike the other facilities. Laser ablation in a buffer gas differs
greatly from ablation under vacuum conditions; this behavior will be discussed further

later in this dissertation.

1.3.4 Introduction to the Laser Ablation System

As mentioned, high-power laser ablation has proven to be a successful method for
producing ions that span the periodic table and is a method implemented under vari-
ous conditions, including different background pressures. Laser ablation is a straight-
forward, “brute force” process for creating ions, yet the process is not completely
understood. Therefore, in this research, the ablation process was studied under con-
ditions including high vacuum (HV) and the presence of a helium buffer gas. The

laser ablation target and some laser optics were mounted on a removable assembly on
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a conflat flange so that the target and optics could be transferred between chambers.
A commercial high-power Q-switched Nd:YAG laser was implemented. The 532 nm
second harmonic from this laser was used for ablation studies of C, Al, Au, Ag, Cu,
Fe, and Zn targets. Many tests were carried out under vacuum using an ion-drift
system and mass analysis in a quadrupole mass filter. The target and laser optics
were moved to the gas cell, where additional ablation studies were also performed.
The normal operating condition of the gas cell involves the transport of radioactive
isotopes produced at the NSCL. The ablation system provides a separate method of
performing additional studies in the gas cell. The results of this research illustrate

the utility, reproducibility, and validity of the system.

Objectives

The main tasks of this work can be separated into various parts. First, the laser
ablation system was designed and constructed. Next, the laser ablation process was
studied under vacuum conditions, the parameters affecting the process were stabilized
and optimized, and the ion trajectories were simulated in the SIMION program [39).
Once the laser ablation process was understood under vacuum conditions, the laser
ablation system was moved to the gas cell to create ions for LEBIT. The buffer gas in
the gas cell introduced complex behavior, not present in the HV system. Finally, the
data from these tests were analyzed and compared to similar work in the literature,

and conclusions about the future use of the system were made.

1.4 Organization of Dissertation

This dissertation is organized as follows: Chapter 2 introduces the theory of laser ab-
lation including mechanisms and calculations. Chapter 3 discusses some ion transport
simulations done in SIMION for the laser ablation system. The HV ablation system

is discussed in Chapter 4, along with experimental details, calculations and results.
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In Chapter 5, the laser ablation in the gas cell is described. Finally, a summary of the
results is given, followed by appendices discussing additional aspects of the ablation

system.
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Chapter 2

Laser Ablation Theory and

Calculations

Laser ablation involves complicated, collective interactions of atoms, clusters and
bulk material under extreme electromagnetic irradiation, and is therefore difficult to
model. A single theory explaining all of the processes involved in laser ablation does
not exist. Rather, there are numerous models that describe certain aspects of the
process and change depending on the details of the system. The main areas covered
in the literature are the evaporation mechanism of the target, the mechanism of
light absorption by the plasma, and the expansion of the generated plasma [17,40].
Theoretical models can approximate various properties of the system such as the
temperature of the target during ablation and the laser intensity required for ablation.
An overview of the models that describe the ablation process pertaining to the laser
ablation system in this research, and calculations that were done to describe this

system, are presented in this section.
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2.1 Processes Involved in Laser Ablation

A simplified view of laser ablation under vacuum involves a laser pulse striking a
target, followed by ejection of material, which can then either be detected or used for
applications including thin film deposition. The processes involved in laser ablation
in a buffer gas can be divided into three stages [41,42]. shown in Figure 2.1. The
first stage involves the target material evaporation by the laser pulse incident on
the target, followed by the second stage involving plasma formation due to the laser
interaction with the evaporated material and isothermal expansion of the plasma.
The first two stages are initiated with the laser pulse, and continue for the duration
of the pulse. These two stages are also thought to be independent of background
conditions [41]. The third stage involves the adiabatic expansion of the plasma into
the background gas. The conversion of thermal energy into kinetic energyv occurs
during the adiabatic expansion, rapidly cooling the plasma [43]. The third stage begins
after the end of the laser pulse. However, this is not quite an accurate picture of the
mechanism; the processes are often concerted and interactive. For example, the buffer
gas collision frequency is approximately 6 x 10° s~! assuming a pressure of 760 Torr
and temperature of 298 K, which results in 24 collisions during a 4 ns pulse.
Neglecting background vacuum conditions, the laser pulse first interacts with the
target matrix, and particles are ejected from the surface of the matrix [31]. Various
mechanisms can be used to describe the material ejection, including a thermal model
involving heat conduction into the target followed by vaporization, an electronic model
involving electronic excitation expelling electrons, as well as a hydrodynamic view,
resulting in the ejection of droplets, and an exfoliational model, resulting in the for-
mation of flakes of needle-shaped microstructures [44]. As mentioned, the mechanisms
are neither completely distinguishable nor independent, and in addition, these mech-
anisms are only applicable to specific laser pulse and ablation conditions (e.g. vacuum

VS. gas).
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Figure 2.1: A simplified view of the mechanism of laser ablation. The first two stages
occur during the 4 ns laser pulse, and are independent of the background gas condi-
tions. The adiabatic expansion stage, the third stage, starts at the completion of the
laser pulse, and interacts with the background gas. if present.

The laser pulse can interact with the ejected particles forming a plume or plasma.
For example, material is ejected with velocities on the order of 10 ¢cm/s and can
move tens of thousands of atomic radii during the pulse. A long laser pulse such as a
nanosecond pulse interacts with an isothermally expanding plasma. As mentioned, af-
ter the completion of the pulse, the plasma expands adiabatically [44,45]. The plasma
or plume characteristics will change depending on various parameters including laser
wavelength, background pressure. pulse width, and laser power density (J /cm2 per
pulse) [46]. Plasma shielding can also occur, preventing the light from reaching the
surface and further ablation of the target.

The presence of a background gas complicates the process further causing such
processes as plume deceleration, thermalization. plume-splitting. and shock-wave for-
mation (26,41, 43,47, 48]. For instance, the ablated species can become thermalized
due to collisions with ambient gas molecules. The interactive processes create a multi-
dimensional problem. The following sections will provide an overview of some of these

models, particularly applicable to the laser ablation system in this experiment. This
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chapter is divided into three main sections describing the evaporation mechanism,
the photon absorption mechanism of the plasma, and the properties of the expanding

plasma.

2.2 Evaporation Mechanism

The mechanism of target evaporation depends on the properties of both the target
and the laser pulse. The laser fluence and pulse length are very influential on the
evaporation. The laser fluence can be divided into low (below ~ 0.8 J /cm2), inter-
mediate (approximately 0.8-20 J/cm?), and high fluence (greater than approximately
20 J/cm?) regimes. The evaporation mechanism in the low fluence regime can be
described by the ejection of non-thermal particles [49]. At the other extreme, for high
fluences, the critical temperature of the target is reached and explosive phase changes
occur [50]. In this study, the fluences ranged from approximately 1 to 18 J/cm? and
an applicable evaporation mechanism is the thermal conduction mechanism, which
involves thermal conduction into the solid, followed by thermal evaporation [51).
The laser pulse length also contributes to the mechanism of evaporation. A com-
parison of the craters created during laser ablation for three pulse length scales is
shown in Figure 2.2 [31]. There is more interaction between the laser and the mat-
ter as the pulse length increases, as expected. For femtosecond pulse lengths, a two-
temperature model is used to describe ablation. In this case, the pulse is short enough
that there is essentially no thermal conduction in the target during the pulse [17].
Since the Nd:YAG laser used in this research has pulse lengths in the nanosecond
range, the two-temperature model will not be further discussed, but for more details,
see [40]. For ns-length pulses, the pulse is long enough for thermal conduction in the
target to occur [17]. Thus, the thermal model is appropriate to describe ablation in
the nanosecond regime for intermediate fluences [17,40,51,52]. The laser energy first

heats the target to its melting point. followed by continued heating to the vapor-
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ization temperature, causing evaporation from the liquid surface. However, the time
scale to heat the target to its vaporization temperature is very short, occurring before
the end of the nanosecond pulse. The main source of energy loss is heat conduction
into the solid target. In the thermal model, the key component is the temperature
profile in the material and its temporal development [52]. In order to obtain the tem-
perature distribution in a target material as a function of time, the one-dimensional
(depth) heat conduction equation can be utilized, which has contributing terms from
the properties of the target, in addition to properties of the incoming laser beam [53]:

ar o [ oT
Por = 92 \" oz

) + (1 — R)al(t)exp(—az). (2.1)

The target properties are described by the material density p, the specific heat of the
target ¢, the thermal conductivity coefficient x, the material reflectivity R, and the
absorption coefficient a. The laser intensity as a function of time I(t) is also included.
Other variables include the temperature T, the time t, and the depth within the
material 2. The wavelength-dependent variables are R, a and I(t). This is a general
equation, which can be used to determine the overall behavior of the system and can
be solved for the temperature field if boundary conditions are set. For the targets
involved in this research, Equation 2.1 was solved, following the method described
in [52]. The literature values for the targets used in the present work are tabulated
in Appendix A. The system can be thought of as a semi-infinite medium since L,
or the diffusion length described below, is much smaller than the target thickness.
This is an appropriate assumption considering that the targets in this research have
a minimum thickness of 2 mm and the diffusion lengths are on the order of 0.1 um,

as seen in Table 2.1. Following [52], the one-dimensional heat-conduction equation
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Figure 2.2: A comparison of the laser-induced craters for three different pulse lengths:
(A) 200 fs (B) 80 ps and (C) 3.3 ns, from [31]. As the pulse length increases, there
is more interaction between the material and the laser pulse. In addition, there is
matter in both liquid and vapor form for ns ablation.

becomes

T(z,t) = gp_l‘; /0‘ drP(r) [erfc (nL(! -7)+ m) -exp (n2L2(t iy 02)]
+ :_:; /U' drP(7) [erfc (nL(l e m) o (LY2L2(L 250 M)] :

22

where erfe(x) is the complimentary error function, F is the laser fluence, and 7 is the
laser pulsewidth. The temporal laser profile, P(7), is approximated by a Gaussian
distribution [52):

1

P(r) ~ ; mexp[-#/zjzy (2.3)

where j is the pulse length. The thermal diffusion length, Ly, is the depth in which

heat is conducted. The thermal diffusion length as a function of time is the depth

that heat is conducted in a certain amount of time, expressed by

(2.4)

2.2.1 Thermal Conduction Calculation Results

The heat conduction into the target material as a function of time and target depth

was studied for the present ablation system (neglecting the background vacuum con-
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Figure 2.3: The calculated temperature profile in an aluminum target as a function
of laser fluence. The calculated threshold fluence for aluminum is 1.7 J/cm?2.

ditions). The effect of the laser fluence, the time after the initiation of the laser pulse

and the target material on the heat conduction were investigated.

Heat Conduction as a Function of Laser Fluence

The effect of changing the laser fluence on the temperature profile, while keeping
all other variables fixed for an aluminum target 50 ns after the initial laser-target
interaction is shown in Figure 2.3. Note that the temperature profile for the calculated
threshold fluence for ablation (discussed in Section 2.2.2) for aluminum, 1.7 J/cm?, is

also shown. The maximum surface temperature increases with increasing laser fluence.

Heat Conduction as a Function of Time

The temperature profile in an aluminum target as a function of time after the initia-
tion of the laser pulse is shown in Figure 2.4 for a laser fluence of 13 J /cm2. The time
values in this figure are after the initial laser-matter interaction and in addition, are

prior to the start of the next pulse. The profiles of short time scales, on the order of
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Figure 2.4: The calculated temperature profile in an aluminum target at different
time lengths after the initial laser-matter interaction. The laser fluence was kept con-
stant at 13 J/cm?. The arrows illustrate that as the time after the initial laser-matter
interaction increases, the temperature at the surface decreases and more heat is con-
ducted into the material depth. The profiles flatten over time as the heat conduction
approaches an equilibrium state.

the pulse length, 4 ns, or slightly longer (10 ns) are not shown since these temperature
profiles diverge to infinity at the target surface. An estimate of the approximate sur-
face temperature at the initial laser-matter interaction (i.e. ¢ = 0) will be discussed in
Section 2.2.3. As the time after the pulse initiation increases, the temperature profile
becomes more flat and the energy gets conducted into the target, approaching an
equilibrium state, similar to the results of similar calculations in the literature [52].
The effects of the laser fluence and time after the initial laser-matter interaction for
an aluminum target are summarized in Figure 2.5. As expected, as the laser fluence
increases, the maximum surface temperature increases and as the time increases after

the leading edge of the pulse ablates the target, the maximum surface temperature

decreases.
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Figure 2.5: The calculated maximum surface temperature during the ablation of an
aluminum target as a function of laser fluence and time (ns) after the initial laser-
matter interaction.

Heat Conduction as a Function of Target Material

The temperature profiles for all of the targets used in this work are shown in Fig-
ure 2.6. The fluence was set to 13 J/cm? and the time after the initiation of the
pulse was 50 ns. Note that this calculation includes only one laser pulse. The car-
bon temperature profile starts at a much higher temperature than the other metals,
most likely due to its relatively high melting point and low thermal conductivity. The
temperature profiles for the metal targets are shown in Figure 2.7.

The temperatures shown in Figure 2.7 after 50 ns ;are well above the melting
and boiling points of these metals, as can be seen in Figure 2.8. The laser energy
is instantaneously converted into thermal energy, heating the target surface to a
temperature past both its melting and vaporization temperatures, since the deposited
energy greatly exceeds the heat of vaporization for the small irradiated volume [54].
For example, for a depth of 0.01 um in an aluminum target and a fluence of 13 J/ cm?,
the approximate energy deposited is 1.3x10° kJ/mol. (As a side note, for copper, the
boiling point is above the maximum temperature after 50 ns, but the initial surface
temperatuvre (discussed below) was well above the vaporization point). The boiling

point of any metal will be obtained in less than 1 ns for a laser intensity of 109 W /cm?
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Figure 2.6: The calculated thermal conduction into the solid illustrated by the tem-
perature profile as a function of target depth for the targets used in the present work.
The laser ablation was 13 J/cm? and the profiles are 50 ns in time after the start of
the pulse.

47 /cm2 with the laser system in the present work) [55]. The main source of energy
loss is due to the heat conduction into the target depth [17].

The main target property contributing to the temperature profile is the thermal
conductivity. Both the maximum surface temperature as a function of x and the
target depth (when the temperature is 500 K) as a function of x at 500 K are shown
in Figure 2.9. As k decreases, the maximum temperature at the surface of the target
increases, and the conduction depth increases, similar to the results seen by others [55].

The thermal conduction model is useful as a general view of the laser-matter
interaction, yet fails to describe all of the processes involved, particularly due to the
moving solid-liquid interface and the constant loss of material, in addition to the
changing optical properties of the target. Also, the thermal conduction model does
not completely describe the material removal under extreme conditions. However,
this model is useful to see how the temperature profile changes over time in a fairly

shallow depth of the targets used in this rescarch.
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Figure 2.7: The calculated thermal conduction into the solid illustrated by the tem-
perature profile as a function of target depth for a variety of metal targets. The laser
ablation was 13 J /cm2 and the profiles are 50 ns in time after the start of the pulse.

2.2.2 Threshold Fluence for Ablation

The thermal model can also be used to estimate other properties of the system such
as the threshold fluence for ablation, or the approximate energy required to melt the
surface layer to some depth L. For nanosecond ablation, the threshold fluence, Fy,

can be approximated by the expression: [17]

Fyp ~ Z2omzth (2.5)

where p is the target density, ¢ is the specific heat, ATy, is the difference between
the target melting temperature and the initial target temperature, and A is the ab-
sorbance of the material at a given wavelength (532 nm in this work). The thermal

length in the material, L;;, was introduced in Equation 2.4 and a similar form can
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Figure 2.8: A comparison of the thermal conduction shown in Figure 2.7 and the
melting and boiling temperatures for each metal target.
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Figure 2.9: The thermal conduction into the target is dependent on k, the thermal
conductivity of the target. A more conductive metal (large k) has a lower surface
temperature since more of the heat is conducted into the target.

be used to determine the thermal diffusion length during the laser pulse [56]:

Lip = /2D7p, (2.6)

where 75 is the laser pulse length and D is the heat diffusion coefficient:

K
D=—, 2.7
" (2.7)

where & is the thermal conductivity. As indicated above, a nanosecond length pulse
is long enough for a thermal wave to propagate in the target to a laver of thickness
Lyp, which stores the absorbed energy. The values of L;, are given in Table 2.1,
and are similar to literature values [52]. The calculated threshold fluences are also
given in Table 2.1, which are similar to the typical values found for metal targets,
1-2 J/cm? [17]. The threshold fluence for silver is fairly high, due to its relatively
large reflectivity at 532 nm, which causes A, the absorbance, to be small, in addition
to relatively large values for D and L;;. These calculated threshold fluences will be

compared to the experimental values in Section 4.3.
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Table 2.1: Calculated fluence threshold for ablation of metal targets used in this
research.

Target | D (cm?/s) | Ly, (um) | Fyp, (.]/cm2)
Al 0.979 0.088 1.739
Fe 0.227 0.043 0.526
Cu 1.162 0.096 0.924
Zn 0.419 0.058 0.580
Ag 1.738 0.118 3.197
Au 1.270 0.101 1.107

2.2.3 Surface Temperature Approximation

When the laser beam interacts with the target, a large temperature gradient is formed
in the target, as discussed earlier. An approximate value for the temperature change

at the target surface at the start of the laser-matter interaction can be written as [57):

(1- R)F

T_T‘( ~ v )
( ) TonrCy

(2.8)

where R is the reflectivity, F is the laser fluence, p is the density of the target, Ly
is the heat diffusion length as a function of pulse length (Equation 2.6), and Cj is
the molar heat capacity at constant pressure. The change in surface temperature
calculated with Equation 2.8 are shown in Table 2.2. As expected, at lower fluences.
the temperature change is lower, and not as much thermal conduction occurs. In
addition, the surface temperature at Fy; (assuming the initial temperature is 298 K)
corresponds to the melting points of each metal, as expected from Equation 2.5. At
a higher laser fluence of 13 J /cm2, the resulting temperature change is much larger.
as is expected from the thermal model calculations discussed earlier. Note that this

is an approximation of the instantaneous surface temperature only.
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Table 2.2: Calculated temperature change at the surface of each metal target during
ablation. The temperature change is shown for both the calculated threshold fluences
(from Table 2.1), and at 13 J/cm?, for comparison.

Target | T — Ty (K) at Fy, | T — Ty (K) at 13 J/cm?
Al 638 4768
Fe 1513 37384
Cu 1061 14928
Zn 398 13621
Ag 939 3842
Au 1042 12236

2.3 Photon Absorption Mechanism

During a nanosecond laser pulse, the laser interacts with the dense evaporated ma-
terial, creating an isothermally expanding hot, ionized plasma. The creation of the
plasma is primarily due to two photon absorption processes that occur: inverse brem-
sstrahlung (IB) and photoionization (PI) [52,58,59]. Inverse bremsstrahlung is the pro-
cess of photon absorption by free electrons, generated during the chaotic laser-matter
interaction. These free electrons gain kinetic energy. and induce further ionization of
the surrounding material, resulting in an avalanche process [55.58]. Photoionization
by either a single photon or multiple photons (multiphoton ionization, MPI) is the
ionization of a species due to an energetic photon. The absorption coefficients for

these processes, a;;, and «;, are wavelength-dependent:

ajp(em™1) o A3 (2.9)

np;((‘m_l) x A3 (2.10)

For IB, the probability is directly proportional to the wavelength cubed, and for
MPI, it is inversely proportional to the same power. Therefore, IB is more dominant
at longer wavelengths, as in infrared (IR) laser ablation, while MPI as is dominant at

shorter wavelengths, as in ultraviolet (UV) and visible laser ablation applications. The
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Figure 2.10: The regions of a plasma, adapted from [64]. Region B is the boundary
between the vacuum, Region A, and the plasma interior, Region C. The length of the
positive sheath, Region B, is the Debye length, Ap.

relative contributions of these processes during ablation can also change. In addition,
the concentration of ions in the plasma affects the degree of IB. As the concentration
of ions increases, IB becomes more dominant. These processes raise the temperature
of the plume (the material that has left the surface). and in addition, cause both the
concentration of ions and the electron density to increase. which in turn increases the

density of the plasma.

2.3.1 Plasma Screening

At higher fluences, the density of the plasia increases due to IB and MPI/PI, and the
plasma begins to shield the target from further ablation. a phenomenon commonly
described in the literature [17, 40, 48, 52, 59-63]. Plasma shielding has been seen in
both ablation in a buffer gas [52] and in vacuum [60].

The Debye length, Ap, gives the characteristic screening length of a plasma. and

is shown schematically in Figure 2.10, with incident laser radiation from the left. In
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Table 2.3: Debye length of the metal targets

Target | T (K) at 13 J/cm2 Ap(pm)
Al 5041 4.9
Fe 37657 13.4
Cu 15201 8.5
Zn 13894 8.1
Ag 4115 44
Au 12509 7.7

plasmas, a region occurs which is space-charge neutral. The Debye length is the length
of the sheath, Region B, which is the boundary between the interior of the plasma,
Region C, and the vacuum, Region A. Region B is depleted of electrons, which are
able to move rapidly to the vacuum. The collective loss of the fast electrons creates a
strong potential [47]. The potential repels further plasma-created electrons in Region
C from leaving, which is indicated by the curved arrow [64]. Region B shields the
plasma from external fields, preventing further laser-target interaction. The Debye

length, Ap, can be estimated by the expression: [47]

1/2
,\D=( kT"2> . (2.11)

dmnee

where T is the electron temperature of the plasma in K, n¢ is the electron density in
cm—3, k is Boltzmann’s constant, and e is the charge of an electron. For the plasma
created under the different conditions in this research, the approximate Debve lengths
(in pm) are given in Table 2.3, assuming initial plasma temperatures based on ear-
lier calculations (Section 2.2.3) and an approximate electron density of ~ 10'2/cm3,
obtained from the literature [62] for a laser ablation created plasma under similar
conditions to the present work.

When the Debye length or the screening length is large, the target is shielded
from further ablation. As the laser fluence increases, a saturation point is reached,
where the leading edge of the laser pulse creates and interacts with the plasma, which

shields the target from further ablation from the “tail” of the laser pulse. Evidence
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for such plasma shielding was seen in this research, and will be further discussed in

Section 4.3.4.

2.4 Plasma Expansion

The process of ablation releases a large amount of material from the surface, with
which the laser further interacts, creating a plasma, which isothermally expands until
the end of the laser pulse, as previously described. The plasma then adiabatically
expands into either the vacuum or the background gas, when present. The energy of
the plasma dissipates due to thermal radiation or by being converted into hydrody-
namic motion. The plasma expands and cools completely before the start of the next
pulse [63]. This section will focus on the expanding plume after the completion of the

laser pulse.

2.4.1 Plasma Properties

The laser-created plasma not only shields the target from further ablation, but it
is also expanding and evolving. The plasma. also referred to as the laser ablation
plume, adds a great deal of complexity to the ablation mechanism and has been
studied extensively, but is not very well understood. The present section will discuss
a few parameters applicable to this research, including properties of the plume and

its characteristic behavior.

2.4.2 Velocity

During an adiabatic plume expansion under vacuum conditions, the thermal energy is
converted into kinetic energy. Under the adiabatic approximation, the vaporization of
the target, plasma formation, and expansion can all be considered separate processes

[17], making it possible to calculate various parameters of the system including the
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Table 2.4: The initial calculated velocity of the plume created during the ablation of
the targets used in this research. The laser fluence was 13 J/cm?.

Target | vp (cm/s)
C | 1.76-108
Al 1.11 -108
Fe | 2.11-108
Cu | 1.27-108
Zn | 1.20 -10°
Ag | 5.06 -10°
Au | 6.50 -10°

velocity. The plume expands into the vacuum with a free expansion [48]. The velocity,

v, of this expansion can be approximated by [47]:

2 K1\ V2

where + is the ratio of specific heats of the material in the plume. and ranges from
1.2 to 1.3 [65], k is Boltzmann's constant, T is the temperature of the target during
ablation, and m is the mass of the ablated specics. Equation 2.12 was used to ap-
proximate the initial velocity of the ablated species under vacuum conditions, with
v ~ 1.25 [47], resulting in velocities in the range of v =~ 1.6 x 106 cm/s, shown in
Table 2.4 for a laser fluence of 13 J/cm?. The values are similar to the initial velocities
predicted by others [41,47] and will be particularly useful for comparing to the results

of the gas cell laser ablation, which will be presented in Chapter 5.

2.4.3 Plume Length

The length of the plume under different conditions is important for determining the
type of target holder and target to use for ablation, which will be discussed in Sections
4.1.5 and 5.2.1. Two models were used to calculate the plume length: an adiabatic
model and a Monte Carlo model (SRIM). The length of the plume is a function of a

number of parameters including the laser energyv. background gas pressure, and the
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Table 2.5: Parameters, both calculated and known, for plume length calculation of
the laser ablation of an aluminum target in background He gas.

Parameter value
¥ 1.66
2 1.57 -10% cm/s
T 410795
w 0.006 cm?
0 30°

plume geometry. In the adiabatic expansion model [66], the particles in the ablation
plume and the background gas push against each other until an equilibrium is estab-

lished. Based on this picture, the plume length, L, upon equilibrium is approximated

as
L=Al(- l)E]‘/37P0_1/37Vi(7_1)/37, (2.13)
where
Vi = yympw (2.14)
and U3
A= (1 + t.afla) (7r f;jrntznO) ' (2.15)

The parameter V;, given in Equation 2.14, is the initial volume of the plume, where 1/
is the initial plume velocity, 7 is the laser pulse width, and w is the beam spot area
at the aluminum target. The parameter A, given in Equation 2.15 is a geometrical
factor for a conical expansion geometry of the plume. The value for 8 was estimated
to be 30 degrees. based on work in the literature for an aluminum target [67]. Other
parameters include the laser energy incident on the ablation target F, the initial
background gas pressure P,, and the specific heat ratio for the background gas «
(helium for the present work). For the laser ablation system in this research, the
parameters are summarized in Table 2.5.

The results of calculations of the plume length are shown in Figures 2.11 and 2.12.
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Figure 2.11: The adiabatic calculation of the plume length as a function of laser energy
for an aluminum target in 300 Torr helium gas.

In order to determine the plume length as a function of laser energy incident on the
target (Fig. 2.11), the pressure was kept constant at 300 Torr. As the laser energy
increases, the plume length also increases due to the increased amount of ejected
material (plasma shielding is not included in this calculation). For the calculations
of the plume length as a function of the background helium pressure (Fig. 2.12), the
laser energy was kept constant at 6.45 mJ. As the pressure increases, the plume length
decreases due to increased interactions with the background gas. Plasma shielding,
which was neglected in the model, will decrease these plume lengths.

The Monte Carlo program SRIM (Stopping and Range of Ions in Matter) [68]
was also used to model the plume length for an aluminum ablation target, as shown
in Figures 2.13 and 2.14. The plume length is essentially the stopping range of ions
in matter, which is helium gas in this case. The kinetic energy of the ions in SRIM
was based on the calculated values for the initial velocity in Table 2.4. The SRIM
calculations also show the increase in plume length as a function of initial kinetic

energy. and a decrease in length as a function of increasing pressure. The Monte
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Figure 2.12: The adiabatic calculation of the plume length as a function of background
pressure for an aluminum target. The laser energy is 6.45 mJ.

Al' RANGE IN HELIUM GAS
345eV
10+
£
w1
% E
;
0.14
T S
PRESSURE (TORR)

Figure 2.13: SRIM calculation of the plume length as a function of background pres-
sure for an aluminum target. The kinetic energy of the ions is 34.5 eV.
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Figure 2.14: SRIM calculation of the plume length as a function of the kinetic energy
of the ions for an aluminum target.

Carlo (SRIM) and adiabatic models agree at lower pressures, but diverge at higher
pressures, as shown in Figure 2.15. The divergence is similar to other results [67], in
which the calculated plume length at higher pressures is smaller than the adiabatic
expansion model length. The SRIM calculations do not take plume collisions into
account, and variables including laser energy, pulse length, and beam diameter, in
addition to the plume geometry are not taken into account. On the other hand, the
plume geometry changes at higher pressures [69], thus causing the adiabatic model to
over-estimate the plume length. The plume length calculation helped to determine the
ablation target geometry to optimize laser ablation, particularly when a background

gas was present.
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Figure 2.15: A comparison of the calculated plume length as a function of pressure
using the adiabatic model and the Monte Carlo model SRIM. The models agree at
lower pressure, but diverge at higher pressures.

2.4.4 Plume Splitting

As mentioned, it is evident that laser ablation with the added complication of a back-
ground gas can result in various processes including clustering, deceleration, plume
oscillations, shock wave formation, thermalization, and plume splitting that are typ-
ically not present in vacuum. Like most processes associated with laser ablation at
present, these processes are often impossible to separate. One phenomenon particu-
larly applicable to the present study was plume splitting. Many authors have noticed
that the plume is temporally split into fast and slow components, the slow being
thermal components [70]. The plume typically splits at pressures greater than ap-
proximately 100 mTorr [67], although the plume has also been found to split under
background vacuum conditions [70]. A variety of mechanisms or descriptions for these
phenomena exist, and will be discussed further in Section 5.4.3 as part of the descrip-

tion of the plume splitting seen during the laser ablation of a carbon target in helium
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in the present work.

2.5 Laser Ablation Theory and Calculations: Con-
clusion

The goal of this chapter was to introduce the theory behind the mechanisms and
processes associated with laser ablation. Using the laser ablation models, various
aspects of the laser ablation system in this research were calculated, including the
expected threshold fluence and the length of the ablation plume. The approximations
were complementary to the results discussed in Chapters 4 and 5. contributing to a
broader understanding of the processes involved in laser ablation. The next chapter
will describe some simulations done to describe the transport of the ions produced

during ablation.
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Chapter 3

Ion Transport Calculations

After the ions are produced in the laser ablation process. the ions must be transported
for detection or for other applications such as their use as test ions. This section will
provide details on simulations of the ion transport and, in addition, an introduction

to ion mobility, which is important for ablation in the gas cell.

3.1 SIMION Calculations

SIMION can be used to approximate the transport of ions within an electrode system
and was used to simulate the ion transport in the laser ablation system in the present
work. As mentioned, the laser ablation system involved two chambers. The ions pro-
duced during ablation in either chamber are guided by a series of ring electrodes to
either an exit nozzle in the case of the gas cell or to a detector in the high vacuum
chamber. The detector in the high vacuum chamber is a residual gas analyzer (RGA)
and will be discussed further in Chapter 4. An electric field is applied to the ring
electrodes, creating a potential gradient, which will be described in detail in Section
4.1.2. A close-up of the ring electrodes is shown in Figure 3.1. The system has 21 ring
electrodes connected by a linear resistor chain ending slightly above ground potential,

due to an external resistor. The ablation target holder assembly is located at the cen-
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Figure 3.1: Photograph of the ring electrodes. The target assembly, supported by a
long rod, is located in the center of the electrodes and resistors connect the rings.

ter of the rings electrically isolated and is off-center, being supported by a long rod, as
seen in Figure 3.1. The geometry of the electrode system can be placed into SIMION
and the ion transport can be simulated. The simulations are particularly useful to
aid in determining whether the system geometry is conducive to ion transport and in

estimating the needed electric field to transport ions effectively.

3.1.1 SIMION Calculations of Laser Ablation in the High
Vacuum System

The ion optics and trajectories were modeled in SIMION to determine the effect of
the electrostatic potential gradient on the system. The electrode system generally had
a cylindrical symmetry but had to be modeled in 3D due to the shape of the laser
target assembly. The geometry of the system was inserted into SIMION and various
parameters were set, including the mass of the ions and the number of ions. The effect
of both the potential gradient and the target voltage on the ion transport in the high

vacuum chamber on the ion transport was modeled in SINMION.
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Figure 3.2: The potential gradient in SIMION created by the ring electrodes with
+1000 V on the first ring and 0 V on the RGA.
Potential Gradient in SIMION under Vacuum

For the potential gradient effect simulation, the voltages on each ring were set in
proportion to a linear decrease of the voltage from the highest value to slightly above
zero on the last ring, and 1000 %3Cut ions that originated at the target were sent
through the system. The potential gradient is shown in Figure 3.2 and Table 3.1
provides a few possible gradients. Some of the results of the simulation are shown in
Figure 3.3. In this figure, the voltage on the first ring is indicated, along with the
voltage on the RGA, 0 V. The steep voltage gradient of 2.6 V/cm (with 1000 V on
the first ring) accelerated the ions so that they hit the chamber wall, although some
still made it to the RGA. As the gradient was decreased, more ions were found to
reach the RGA detector. However, when the gr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>