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Abstract

The principle of resonance laser photo-ionization is used to selectively ionize ele-

ments of interest in isotope separation online (ISOL) facilities. The work presents

the study of two-step resonance photo-ionization of silver atoms in the context of

selective production of exotic species (SPES) at INFN-LNL. Using a hot ablation

plume of silver atoms in a time of flight mass spectrometer (TOF-MS), Doppler-

suppressed and Doppler-broadened resonance frequency profile of the transition

steps. It is shown that a Doppler-suppressed resonance profile can be achieved in

a two-step resonant transition by introducing an angular separation as low as 8.5°

between the two resonant laser beams. In the case of collinear injection of these

laser beams, Doppler broadening is observed and the effect of the laser linewidth

in a Doppler-broadened resonance profile is also studied.

A silver hollow cathode lamp has also been used to study the same resonant

transitions. Two kinds of opto-galvanic signals i.e. slow signal and fast signal are

used to detect the resonance in this case. Using the hollow cathode lamp, strong

evidence of high-lying Rydberg states of silver around the energy value of 7.56

eV (60945.32 cm−1).

First-time characterization of the SPES laser ion source (LIS) at ISOLDE Of-

fline 2 is also presented. The SPES-LIS is a hot tubular tantalum cavity inside

which laser beams with frequencies tuned to the electronic transitions of partic-

ular elements are made to interact with the vapor of the element. Important

parameters such as thermal stability of the ion source, time structure of the ion

beam, laser enhancement of the ion yield, and resonance laser ionization efficiency

have been measured in relation to the production of the gallium ion beam. The

effect of the electrostatic axial field on the movement of the ions along the length

of the ion source is discussed. The dependence of the laser enhancement of the

ion yield on the ion source temperature and the total ion current has been studied

too. At a high ion source temperature of 2200°C, the laser enhancement of the ion

yield at different total ion currents is found relatively stable compared to lower

ion source temperatures.

A new TOF-MS has been designed and assembled in the online laser lab at

the SPES facility. Two independent sources of atomic beam viz. an effusion cell

and an ablation target system, are employed in the system. This new TOF-MS

should aid in scheme developments for the photo-ionization of several elements

and also provide the geometry for high-resolution laser resonant spectrometry.
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Chapter 1

Introduction

Since the early days of quantum mechanics, understanding the behavior of atoms

and their interaction with photons has been pivotal in shaping our comprehension

of the fundamental principles governing the universe. Laser spectroscopy, as a

powerful investigative method, has enabled researchers to probe the electronic,

vibrational, and rotational states of atoms and ions with remarkable precision. By

exploiting the unique properties of lasers, such as tunability, narrow line widths,

and coherence, scientists have unlocked a plethora of opportunities to explore the

characteristics and behavior of elements across the periodic table.

The primary objective of this thesis is to explore the intricacies of laser spec-

troscopy techniques employed for the study of photo-ionization processes in dif-

ferent elements. The process of photo-ionization, whereby an atom or ion absorbs

photons and subsequently becomes ionized, plays a vital role in a myriad of sci-

entific fields, from astrophysics to plasma physics, from atomic and molecular

physics to environmental monitoring.

The thesis will encompass both theoretical foundations and experimental

methodologies, providing a comprehensive overview of the principles governing

laser-matter interactions and the analytical tools used to interpret the data. The

initial chapters will lay the groundwork by introducing fundamental concepts

and theoretical frameworks. Subsequent sections will delve into the experimental

setup, techniques employed, and data analysis procedures.

During the course of this Ph.D., I have performed several works which include

1) a two-step resonant laser photo-ionization of silver atoms in an atomic abla-

tion plume using a Time of Flight Mass Spectrometer (TOF-MS), 2) a study of

opto-galvanic effect in a silver hollow cathode lamp via resonant excitations, 3)

study and characterization of a laser ion source for Selective Production of Exotic

Species (SPES) project [1] performed at CERN, and 4) designing and assembly

1



2 Chapter 1. Introduction

of a new TOF-MS for higher resolution laser spectroscopy.

The resonance photo-ionization study of silver in an ablation plume provides a

detailed description of how the Doppler Broadening affects a resonance profile in a

hot environment such as an ablation plume, and how this effect can be suppressed

by carefully manipulating the interaction volume of the multiple laser beams and

the atomic vapor. The effect of the linewidth of the laser profile on the total

broadening of the resonance profile was also studied, by altering the pumping

power of the dye lasers. A qualitative study on the transition probabilities from

the state 4d105p2Po
3/2 to the fine structure levels of 4d106d 2D (J=5/2 and J=3/2)

of silver was also performed.

The analysis of the slow and fast opto-galvanic signals from the silver hol-

low cathode lamp, when resonant laser beams are introduced, provided strong

evidence of a collection of high-lying Rydberg states of silver. These states are

observed around the energy value of 7.56 eV, very close to the ionization potential

of silver which is 7.58 eV. However, these states are yet to be identified.

In the SPES project at INFN-LNL, tubular hot cavities shined with resonant

laser beams, also called laser ion sources, will be used to produce chemically pure

ion beams. I have performed the characterization of the laser beam source in

relation to the production of gallium ion beams at ISOLDE Offline 2, CERN.

During this study, very important and significant results on ion beam time struc-

ture, laser enhancement of ion yields, and resonance laser ionization efficiency

have been achieved. The influence of the electrostatic axial field on the move-

ment of ions inside a resistivity-heated tubular hot cavity and transfer line has

been quantitatively discussed. The effect of the total ion current, due to surface

ionized species, on the selectivity or laser enhancement of the ion yield in the

laser ion source has been investigated. The resonance laser ionization efficiency

measurement of gallium in the SPES laser ion source resulted in a value of 27.2%

which is indeed very satisfactory. This test was the first-time characterization of

the SPES laser ion source and will serve as a benchmark for future activities.

Last, but not the least, I have designed and assembled a new TOF-MS in the

online laser lab in the SPES facility. Several upgrades have been implemented

in the new TOF with respect to the one already present in the offline laser lab.

This new TOF-MS has been designed taking into account the possibility of a

higher resolution laser spectroscopy, and an additional atom source which is an

effusion cell. Several entry points for the entrance of the resonant laser beams are

provided to provide an orthogonal intersection of the laser beams and the atomic

beam to achieve Doppler-free spectroscopy.



Chapter 2

Motivation

SPES project

One of the most significant technological advancements in the last 30 years for

interdisciplinary study in nuclear physics has been the development of radioactive

ion beam (RIB) facilities [2]. Both the design of specialized facilities and the

renovation of pre-existing machinery have been used to realize the development

of new large infrastructures.

RIBs have already given researchers access to study opportunities that would

not have been possible with stable elements. With the availability of RIBs, it is

now possible to: (1) gain a deeper understanding of the characteristics of nuclei

dating back to the time of their formation in the early universe [3]; (2) explore

nuclear reactions outside of the stability region, which is crucial to stellar nucleo-

synthesis [4]; (3) ascertain the behavior of many-body systems [5].

The project “Selective Production of Exotic Species” (SPES) at Legnaro INFN

Laboratory is dedicated to the creation and installation of a second-generation

Isotope Separation On-Line (ISOL) facility. It is currently in the last stage of

the construction process. The facility will use target material such as uranium

carbide (UCx). When it is bombarded by a primary proton beam (I=200 µA and

E= 40 MeV), radioactive neutron-rich nuclei, in the mass range of 80-160 amu,

will be produced with a predicted fission rate of 1013/s [1].

Other target materials, including silicon carbide, which are currently being

developed, will be used to produce neutron-deficient beams. The generated beams

will be utilized for research in fundamental nuclear physics as well as for a variety

of other purposes, such as the creation of radionuclides with potential medical uses

and the production of neutrons for use in material science, nuclear technology,

and medicine.

3



4 Chapter 2. Motivation

Figure 2.1: Layout of the SPES facility: A-cyclotron, B-UCx production tar-

get bunker, C-Low Resolution Mass Separator (LRMS), D- beam cooling and

High-Resolution Mass Separator (HRMS), E- Experimental hall for low en-

ergy (up to 40 keV) experiments, F-charge breeding and Medium Resolution

Mass Separator (MRMS), G-RFQ, and H-ALPI linac.

Figure 2.1 shows the general layout of the SPES ISOL facility [1]. The driver

cyclotron [A] releases a primary proton beam with energy ranging from 35 to 70

MeV (up to 70 kW of power). The beam is sent to the RIB production bunker,

where nuclear reactions take place in the installed production target in the front-

end apparatus [B]. The front end has all the equipment required for ionizing the

desired element and the initial acceleration of the ion beam, and a Wien filter is

used to perform the first mass separation of the generated species.

After being bent using the 90° magnet analyzer, LRMS: Low-Resolution Mass

Separator [C], and passing through a variety of electrostatic devices, including

electrostatic quadrupole triplets, electrostatic dipoles, and steerers, the obtained

low energy (up to 40 keV) isobaric beam is then injected into a beam cooler, a de-

vice that can reduce the transverse and longitudinal beam emittance. The LRMS

is also used as the entry point for the laser beam. The online laser laboratory is

located on the first floor of the structure directly above the LRMS hall, shown in

Figure 2.6.

A High-Resolution Mass Separator (HRMS) [D] is used to complete the sec-

ond step of beam purification. The generated isotopically pure RIB can be sent
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directly to users for low-energy experiments [E]. It could also be put into a

charge breeder, a device designed to increase the beam charge state, and Medium

Resolution Mass Separator (MRMS) [F]. The ALPI Linac and Radio Frequency

Quadrupole (RFQ) [G] will be coupled to execute the post-acceleration [H]. Fi-

nally, a beam that is both isotopically pure and highly energetic (up to 40 MeV)

may be delivered to the experimental area for high-energy nuclear physics inves-

tigations.

2.1 Front End/Target Ion Source (TIS)

Figure 2.2: A detailed view of the SPES Front End. PPB and RIB represent

the primary proton beam and radioactive ion beam respectively.

The Front end is undoubtedly one of the most important entities of the SPES

facility. It consists primarily of the target, transfer line, and ion source. As

clearly shown in Figure 2.2, the primary proton beam (PPB), around 40 MeV, is

irradiated on the production target. This process produces hundreds of isotopes,

stable and exotic, as a result of nuclear fission reaction as schematically presented

in Figure 2.3.
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Figure 2.3: A schematic representation of the reaction happening inside the

target, when irradiated by a proton beam.

These products diffuse and effuse through the target, which is maintained

at a temperature of about 2000°C, to arrive at the ion source. The rapidity of

this transport is dependent on the temperature and the material property of the

target. Other factors that greatly influence the path length of these species to

reach the ion source are the porosity or the grain structure of the target and the

geometry of the target-ion assembly.

The detailed view of the different components inside a Front end is shown in

Figure 2.4. The target consists of 7 discs of UCx having a diameter of 40 mm

each, followed by a proton dumper made of carbon. The 40 MeV proton beam,

when passed through the discs of UCx, not only creates nuclear fission reactions

but also introduces a heating effect in the target system. The heating effect from

the proton beam could take the target system to a very high temperature. The

distances between the discs, as shown in Figure 2.4 a), are determined to maintain

a uniform temperature profile of the whole target system when the proton beam

passes through the target.

After passing through the last discs of the target assembly, the proton beam is

very close to the Bragg peak. At this point, the proton beam meets the dumper

(C) in Figure 2.4 and deposits all of its residual energy. This would mean that

the dumper is much more intensely heated compared to the rest of the target.

This is in fact why the dumper is left thermally not shielded as seen in Figure 2.4

b). The rest of the target, consisting of the 7 UCx discs are well shielded with

tantalum (Ta). It is also used as a heater when the target needs to be pushed to

a higher temperature than the one achieved via the thermal effect of the proton

beam. This is done through Joule heating in which calibrated values of current

are applied to the Ta heaters. The nominal operating temperature of the target
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is around 2000°C.

Figure 2.4: a) SPES target assembly with 7 discs of UCx with 40 mm diameter

each. b) Target assembled in the Front end with a Ta heater. c) Heating of

the target, transfer line and the ion source. d) Closed Target-Ion Source

(TIS) assembly with water cooling.

Roughly halfway along the length of the target, there is a circular hole of

approximately 9 mm in diameter, which provides the exit of the fission products

from inside the target. A transfer line, as shown in Figure 2.4 c), is fit into this

hole. The transfer line is also maintained at a very high temperature, to avoid

sitting of these products on the tube of the line. These products effuse through

the transfer line to the ion source where they are ionized and extracted down the

beam line. There are 3 main types of ion sources employed: surface, plasma, and

laser. The principles and suitability of each ion source will be discussed in detail

in Section 3.2. In the context of this thesis, the laser ion source is the motivation

for most of the activities performed.

Figure 2.4 d) shows a complete assembly of the target system. This whole

target system has features to be handled by dedicated robots as it will be highly

radioactive once irradiated with the proton beam. As seen in the picture, the

target container has circular indents. These are water-cooling pathways embedded

inside the container itself.
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2.2 Laser Ion Source (LIS)

A simple representation of a laser ion source (LIS), adopted from [6], is shown

in Figure 2.5. The principle of a LIS is to shine a laser of precise wavelengths

into the hot cavity of the ion source (same as that of surface ion source), where

particular elements are resonantly ionized, with very high chemical selectivity.

The incident laser beams are precisely tuned to the wavelengths corresponding to

the electronic transitions of the element of interest. This process, called resonance

laser photo-ionization, will be thoroughly discussed in Section 3.2.3.

Figure 2.5: Working principle of a laser ion source

It is evident that the laser beams need to be transported all the way down to

the ion source, with proper beam shape and focusing to interact with the atomic

species present inside the ion source. One of the features of a laser ion source

is the robustness of the system. The laser systems are placed at a considerably

safe distance from the ion source/front-end assembly. In the case of the SPES

project, the laser systems are placed 25 meters far away in an ISO8 class laser

laboratory [1]. The lab is placed at level +1, just on the top of the combiner

magnet room, while the ion source is placed at level -1, as laid out in Figure

2.6. Light over-pressure air is maintained inside the laboratory to avoid contami-

nating dust from the external environment. The air conditioning system ensures

temperature stability of ±1°C, and laminar air flux on each table is provided by

filtering hoods on the roof.
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Figure 2.6: Layout of SPES building level -1 [Top View]; the green box

represents the laser laboratory at level +1; the purple dot represents the

descending point for the laser beams, while the red arrows represent the laser

beam path through the vacuum beamline to the ion source.

Figure 2.7: Schematic representation of laser alignment and stabilizing system

[Side View]. LRMS represents the low-resolution mass separator magnet. EW

represents the entrance window and QW is a slightly tilted Quartz window.

M1, M2, and M3 represent the mirror systems.

A window is placed on the floor of the laser lab, which acts as the descending

point of the laser beams, represented as the purple dot in Figure 2.6. The laser

beams can reach the ion source by entering the beam line pipe using the vacuum



10 Chapter 2. Motivation

view-port access in the magnet chamber.

Figure 2.8: Laser descending

point

Figure 2.9: Aligna

system

Figure 2.8 and 2.9, show the real-life images of the laser descending point and

the Aligna system mentioned in the scheme represented in Figure 2.7. Aligna is

a stabilizing system that employs the principle of position detection [7].

How the laser beams are aligned to the ion source

As shown in the scheme represented in Figure 2.7, the laser beams are transported

from the laser lab through multiple optics. Mirror M1 provides the first reflection

of the laser beam downwards through the descending point. This beam is reflected

horizontally towards the direction of the ion source by mirror M2. Now, the laser

beam passes through two windows - QW (a slightly tilted quartz window) and

EW (an entrance window which lets the laser through the magnet and arrive at

the ion source).

The window QW provides a very essential back reflection. If uncoated fused

silica is used, the total reflection would be about 8% as each surface reflects ∼4%

of the incident beam power. The back laser reflection goes back upwards after

hitting mirror M2. A dedicated mirror M3 is placed in the path of the laser

reflection to collect it and send it to the laser lab where it is used to monitor for

a reference point and also for stabilizing the beam using a Aligna system.

Four different laser paths will be directed to the ion source from the laser lab.

Each path will have a dedicated combination of M1, M2, and M3 with coatings

suitable for different wavelength ranges. Also, an Aligna system for each path is

placed for beam stabilization.
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Why stabilizing system is required for the laser beams

In the case of an ideal alignment, the overlap between the ionization volume and

the laser beam is maximum and matches the inner hollow cylinder volume of the

ion source. Any misalignment reduces this overlap volume, a smaller interaction

space for atoms and photons to be defined, and a decrease in the rate of ion

production. If there is any fluctuation in the interaction volume over time, this

is clearly reflected immediately in the ion current generated by the laser beams.

The SPES ion source is a 30 mm long tube with a 3 mm entry hole [8], and

it is located roughly 20 meters away from the exit point of the laser beams from

the laser lab. To hit this volume without any significant fluctuation, after a laser

beam path length of around 20 meters, requires a very high pointing stability.

There are always vibrations and mechanical disturbances in the facility that need

to be taken into account. In other words, pointing stability better than 0.05mrad

is required and this is provided using the Aligna system.

2.2.1 Advantages of LIS

A laser ion source (LIS) is generally preferred over other types of ion sources viz.

surface and plasma ion sources. Some of the main advantages of using a LIS are:

• Almost 100% element selectivity: It means, when combined with the mass

separation technique, gives a very high purity isotopic beam.

• High efficiency (tens of percents [9])

• Reduced isobaric contamination

• Easy beam diagnostics: The ion beam produced by the laser can be easily

diagnosed and cross-checked by turning the laser on/off.

• The ionization region is simple and robust

Principles and application of the different ion sources will be further discussed

in Section 3.2.

2.2.2 Choice of laser systems

Linewidth, power, repitition rate requirement

The availability of tunable laser light that can match the fully resonant excitation

of upper atomic levels in a range from UV (about 250 nm) to IR (close to 1.0
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µm) is the essential requirement of a laser ion source. The spectral linewidth

is another limiting parameter in addition to the wide tuning range. A spectral

linewidth of the order of 100 MHz would be necessary to resolve the energy levels

of two distinct isotopes. On the other hand, this requirement is loosened to within

the 1-10 GHz range due to the Doppler broadening caused by temperatures of

roughly 2000° C, typical of the environment in the target/reaction chamber and

ion source.

At 2000°C, the typical effusion time of the atoms through the hot cavity end

is in the orders of 100 µs [10]. A repetition rate of at least 10 kHz is necessary for

the presence of photon flux in this time frame. These requirements can be met by

modern tunable laser sources, which can also deliver intensity values in the mW

range (for the UV) to several W (in the visible and IR) sufficient for step-wise

ionization of practically most elements.

Ti:Sa systems installed in SPES facility

In the SPES site, three Ti-Sa cavities operating at 10 kHz are already in place

inside the laser lab. These cavities from Sirah Credo have double Ti-Sa crystal

configuration, see Figure 2.10. The optical layout of the cavities is clearly shown

in Figure 2.11, adopted from [1]. Each of the cavities is individually pumped with

Ascend pump lasers from Spectra-Physics.

These laser systems have been specifically developed to meet the technical

demands of SPES project. The two crystals are placed in a geometry that provides

optimal waist size of the pump power propagation and consequently a higher

output power. As shown clearly in Figure 2.11, the pump power goes through a

50-50 beam splitter and reaches the two crystals from opposite directions through

the respective focusing lenses.

The wavelength selection is provided by a combination of birefringent filter

and etalon system(s). The wavelength selection elements are mounted on an au-

tomated motion stage and are easily controlled through a software interface. One

of the cavity-end mirrors is triple coated for high reflectivity at three different

wavelength ranges. This is provided for power optimization over a large wave-

length range and there is a manual switch system for the coatings. Each system

is equipped with an intracavity Pockels cell which allows the synchronization of

the laser pulses produced by the three Tisa cavities. Also, each unit has its own

optical fiber coupling system which allows wavelength reading through a WS7

lambda-meter.
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Figure 2.10: Sirah Credo Ti:Sa 10 kHz cavity

Figure 2.11: Optical layout of the Sirah Ti:Sa system, with a Z-shaped cavity.

The main parameters of the Ti:Sa systems are listed in Table 2.1, adopted

from [1]. The λPeak, indicated in the table, is the wavelength value at which the

system has the highest gain or maximum output power. For a Ti:Sa system, this

value lies between 800-850 nm.

A tunability range of 690-950 nm is provided for the fundamental output of

these systems. To be able to effectively use the Ti:Sa systems for ion production,

a wider range of wavelength coverage is essential. The system is completed with

a set of two higher harmonic generation units from Sirah HHG. These units allow

the generation of second or third or fourth harmonics. The power measurement

of these harmonics at 51 W of pump power for one of the Ti:Sa is shown in Figure

2.12.
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Table 2.1: Table of main laser system parameters.

Parameter Value

Pump Repetition Rate 10 kHz

Pump Power 57 W

Tuning Range 690 - 950 nm

Pulse Duration (τFWHM) 30 - 50 ns

Repetition Rate 10 kHz

Output Power (λPeak@10 kHz) 6,8 W

Line-width < 6 GHz (One Etalon)

∼ 1 GHz (Two Etalons)

Beam divergence < 1,5 mrad

Beam diameter 1 mm Typ.

There is an evident gap in the wavelength range of roughly 480-680 nm. This

gap can eventually be covered by wavelength mixing of the fundamental wave-

lengths with an appropriate wavelength (532 nm pump laser normally used).

Alternatively, dye lasers can be used for this range of wavelengths. However, it is

preferred to avoid dye laser systems as they can be potential hazards due to the

use of alcoholic solutions.

Figure 2.12: Power vs wavelength of the different harmonics of the Ti:Sa.

SHG, THG and FHG represent second, third, and fourth harmonic genera-

tions respectively.
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2.3 Isolpharm Project

The ISOLPHARM method is an innovative method to produce radioactive nu-

clides using the ISOL technique [11]. It will provide radionuclides that are dif-

ficult to be produced with traditional methods. Among many nuclides that can

be produced, 111Ag could be a promising radionuclide for internal radiotherapy.

Its proof-of-concept production in a highly pure form with the ISOL technique

and its targeted delivery for medicine are currently investigated inside the ISOL-

PHARM project. In the SPES UCx target, more than 80 GBq of 111Ag could

be produced after 5 days of irradiation with a primary proton beam of 40 MeV

energy and a current of 200 µA [12].

When produced in a nuclear reactor, the isobaric contaminants must be sepa-

rated chemically in order to obtain a high-purity radioactive ion beam. For many

radionuclides including 111Ag, the presence of stable and unstable isobars cannot

be effectively separated using the traditional method of chemical separation. In

the ISOLPHARM technique, the radionuclide of interest can be selectively ionized

and extracted by using methods like resonant ionization laser ion source.
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Chapter 3

Theoretical Background

3.1 Atomic Level Structure

For an electronic transition between an upper energy atomic level k and a lower

level i, the energy of the photon is given by

∆E = Ek − Ei = hν = hcσ = hc/λ (3.1)

where ν, σ and λ are the frequency, wavenumber and the wavelength respec-

tively. Frequencies are expressed in Hertz (1Hz= cycle/sec) while wavelengths

are mostly expressed in nanometer (nm). The SI unit of wavenumber is the in-

verse meter but in practice, it is usually expressed in inverse centimeters, which

is 1cm−1 = 10−2m−1 and corresponds to ≃ 29.98 GHz.

Atomic energies are often expressed in terms of electron volts (eV). We can

convert 1 eV in terms of other physical quantities:

2.42× 1014Hz

8065.54 cm−1

1239.84 nm

11604.45 K

1.6× 10−19J

3.1.1 Energy Levels

The energy of an electron attached to an atom is determined by its position within

the discrete energy level structure and is the result of several electron-electron and

17
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electron-nucleus interactions. For a one-electron atom (hydrogen or hydrogen-like

atoms), an atomic state is defined by the quantum numbers nlmjms, where n is

the principal quantum number, l is the electron orbital angular momentum and

s is the intrinsic electronic spin. Magnetic quantum number ml is the projection

of the angular momentum l on the quantization axis.

The energy of the hydrogen atomic states is dependent only on the principal

quantum number n and has a degeneracy with respect to l and ml. Without

relativistic corrections, the energy values are given by:

En = −Ry

(

Z

n

)2

(3.2)

where Ry is the Rydberg constant (with reduced mass), Ry= 13.61 eV.

The allowed values of the quantum numbers are :

n= 1, 2, 3, ...

l= 0, 1, 2, ... , n-1

ml= -l, -l+1, ... , l-1, l

ms= ±1
2

The Pauli exclusion principle prohibits atomic states from having two elec-

trons with all four quantum numbers the same. Thus the maximum number of

equivalent electrons permitted is 2(2l + 1). The degeneracy of an atomic level

with an energy En is that given by,

n−1
∑

l=0

2(2l + 1) = 2n2 (3.3)

In the presence of external influences such as electric fields, magnetic fields,

etc., or additional interactions within the atomic system itself such as ls-coupling,

the degeneracy can be removed and we start observing splittings and shifts of

individual levels.

If the ls-coupling is considered, the electronic state can be described with the

configuration nljmj, where j is the total angular momentum given by l + s and

mj is the projection of the total angular momentum j on the z-axis. There are 2j

+ 1 magnetic sub-states, mj, which are degenerate in the absence of an external

magnetic field.

3.1.2 Orbital Energies and Atomic Structure

From Equation 3.2, it is seen that the energy of atomic orbitals increases as the

principal quantum number, n, increases. In any atom with two or more electrons,

the repulsion between the electrons makes energies of sub-shells with different
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values of l differ. Following the order of repulsion, the energy of the orbitals

increases within a shell in the order s < p < d < f . The energy increases as

we move up from 1s to the 2s and then 2p, 3s, and 3p orbitals. It shows that,

for small atoms, the increasing n value has more influence on energy than the

increasing l value. However, this pattern does not hold for larger atoms. The 3d

orbital has higher energy than the 4s orbital and such overlaps continue to occur

frequently as the number of electrons increases.

Figure 3.1 shows how the electrons are gradually filled in the order of the

sub-shells depicted by the arrows in the diagram.

Figure 3.1: The arrow leads through each sub-shell in the appropriate filling

order for electron configurations.

3.1.2.1 Multi-Electron Configurations and Coupling Schemes

When we are talking about atoms with multiple electrons, the system is much

more complex than the trivial characteristic quantum numbers n, l, ml, and ms.

Several interactions between the electrons come into play which are described

using resultant quantum numbers.

LS Coupling (Russell-Saunders Coupling)

In the case of light multi-electron atoms (Z < 30), the electron spin coupling

between the electrons is larger compared to the individual electron spin–orbit

interaction than it is for heavier atoms. LS (or Russell-Saunders) coupling is

used to describe the atomic states.

The scheme introduces respective moments coupled to a total spin and angular

momentum,
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S⃗ =
∑

i

s⃗i (3.4)

L⃗ =
∑

i

l⃗i (3.5)

where S⃗ is the total spin given by spin-spin interaction, L⃗ is the coupling of the

orbital angular momenta l⃗i of the valence electrons.

The total angular momentum vector J of the level is consequently given by,

J⃗ = L⃗+ S⃗ (3.6)

whose value lies in the range |L− S| ≤ J ≤ |L+ S|.
A common way to name states in atomic physics is to use spectroscopic no-

tation. It is essentially a standard way to write down the angular momentum

quantum numbers of the valence electrons’ state. It is denoted using the “term

symbol”:
2S+1L

(o)
J

where o indicates the odd parity of the wave function. If o is not indicated, it

represents an even parity. Parity is simply expressed as (−1)L. The angular

momentum L is designated as S, P,D, F, .. for L = 0, 1, 2, 3, ..

In the term symbol, the term 2S + 1 denotes the spin multiplicity which is

derived from the number of possible fine structure states of J .

Two simple examples are discussed below:

1. 3d7 4F7/2

2. 3d7(4F )4s4p(3P o) 6F o
9/2

In the first example, the seven 3d electrons couple to give the 4F7/2 term.

While in the second example, the seven 3d electrons couple to give a 4F term and

the 4s and 4p electrons couple the form the 3P o. In this case, the 4F is called

grandparent term, and the 3P o as the parent term. The final 6F o
9/2 term is one of

the 9 possible terms obtained by coupling the grandparent and the parent term.

jj Coupling

For heavier elements, spin-orbit interaction of an individual electron is dominant

over spin-spin interaction between the electrons. This mechanism predominantly

occurs for elements with Z > 60 and for higher excited atomic states. The

individual angular momenta is give by,
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j⃗i = l⃗i + s⃗i (3.7)

These individual momenta couple to give the overall angular momentum de-

fined as,

J⃗ =
∑

i

j⃗i =
∑

i

(⃗li + s⃗i) (3.8)

The spectra are expected to be more complex for this kind of coupling com-

pared to LS coupling.

As a general observation, an intermediate coupling scheme is present with LS

coupling at low excitation energies which gradually develops into jj coupling with

higher excitation energies.

Hyperfine Structure (HFS)

The hyperfine structures result as a consequence of coupling of the total angular

momentum J⃗ of the electron to the total nuclear spin I⃗.

As in the case of electrons, the nucleons have equivalent quantum numbers

spin s⃗i and angular momentum l⃗i. The total nuclear spin I⃗ is given by,

I⃗ =
A
∑

i=1

(s⃗i + l⃗i) (3.9)

For nuclei with an even number of protons and neutrons, the value of I = 0 (in

the ground state) as the pairwise anti-parallel orientation of the angular momenta

is energetically favored.

Whereas in the case of an odd number of either the protons or the neutrons

or both, a non-zero value of I is obtained which induces a magnetic moment µ⃗I .

This nuclear magnetic moment µ⃗I couples to the magnetic field B⃗J introduced

by the total angular momentum J⃗ of the electron at the position of the nucleus.

The coupling mechanism results in an energy shift given by,

∆HFS = −µ⃗I .B⃗J = µIBJ
I⃗ .J⃗

|I||J | (3.10)

The coupling between I⃗ and J⃗ can be defined by a new total angular momen-

tum F⃗ which is defined as,

F⃗ = I⃗ + J⃗ (3.11)

The quantum values of F⃗ vary within the range |I − J | ≤ F ≤ |I + J |. The

expression for the energy shift can now be re-written as,

∆HFS = µIBJ
I⃗ .J⃗

|I||J | =
A

2
[F (F + 1)− I(I + 1)− J(J + 1)] (3.12)
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where A is the hyperfine coupling constant defined as A = µIBJ/IJ . This pa-

rameter is a characteristic of the atomic level. The value of A can be obtained via

laser spectroscopy, the nuclear magnetic moment µI can be derived eventually. It

is especially valuable for the determination of an unknown nuclear spin.

3.1.2.2 Selection Rules

The selection rules for atomic transitions arise from momentum conservation and

symmetry rules. Using these rules for electric dipole transitions of an atom is a

guide to understanding whether a transition between the levels is allowed or not.

Table 3.1: Selection rules for allowed optical electric dipole transitions

Electric dipole E1 (allowed)

Rigorous rules 1. ∆J = 0,±1 (0 ̸↔ 0)

2. ∆MJ = 0,±1 (0 ̸↔ 0, when ∆J = 0 )

3. Parity change

LS Coupling 4. ∆S = 0 (not strict)

5. ∆L = 0,±1 (0 ̸↔ 0)

Hyperfine interaction 6. ∆F = 0,±1

3.1.2.3 Spectral Lines

Emission Lines

The total power radiated ϵ in a spectral line of frequency ν per unit source volume

and per unit solid angle is expressed as:

ϵ =
hνAkiNk

4π
(3.13)

where Aki (expressed in s−1) is the atomic “transition probability” from level k

to i and Nk is the number density (number/volume) of the excited atoms in the

upper (initial) level k.

If we have a homogeneous light source of length l, the total emitted line

intensity is given by:

Iline = lϵline =

∫

∞

0

I(λ)dλ =
hcAkiNkl

4πλo
(3.14)

where I(λ) is the specific intensity at wavelength λ, and λo is the wavelength

corresponding to the line center.
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Absorption Lines

In the case of absorption, the so-called reduced absorption is given by,

W (λ) = [I(λ)− I ′(λ)]/I(λ) (3.15)

where I(λ) is the intensity of the incident light with wavelength λ and I ′(λ) is

the intensity of the light after passing through an absorbing medium.

The reduced line intensity from a homogeneous absorbing medium of length

l can be obtained from,

Wik =

∫

∞

0

W (λ)dλ =
e2

4ϵomec2
λ2oNifikl (3.16)

where fik (an adimensional quantity) is the atomic absorption “oscillator strength”,

ϵo is the dielectric permittivity of vacuum and me is the mass of an electron.

Line Strengths

To define line intensities, transition probabilities Aki and absorption oscillator

strength fik are mainly used. Another quantity that is also very commonly used

in this context is the “line strength S” which is defined as,

S = S(i, k) = S(k, i) = |Rik|2 =< ψk|P |ψi >
2 (3.17)

where ψi and ψk are the initial and the final state wave functions. Rik is the

transition matrix element of the appropriate multipole operator P . Rik takes

into account the integration over spatial and spin coordinates of all N electrons

of the atom or ion.

For an allowed electric dipole transition E1, the values of A, f and S are

related as,

Aki =
2πe2

mecϵoλ2
gi
gk
fik =

16π3

3hϵoλ3gk
S [in SI units] (3.18)

Aki =
6.6702× 1015

λ2
gi
gk
fik =

2.0261× 1018

λ3gk
S [in atomic units] (3.19)

where gi and gk are statistical weights, obtained from the appropriate angular

momentum quantum numbers.

For a spectral line, the value of g is given by,

gx = 2Jx + 1 (3.20)
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While in the case of a multiplet,

gx =
∑

x

(2Jx + 1) = (2Lx + 1)(2Sx + 1) (3.21)

From Equation 3.19, it can be eventually derived that, for atomic units,

fik =
2

3

∆E

gi
S (3.22)

3.2 Ionization Processes

Several elements and their isotopes, stable and radioactive, will be ionized and

extracted in the SPES facility. Figure 3.2 highlights the elements of interest so

far for the project. The elements are assigned different colors, for visual under-

standing, depending on the type of ionization process that will be used.

The alkali metals are very effectively surface-ionized due to their low ionization

potential (IP). For most elements having an IP between 5-9 eV, they can be

efficiently ionized using lasers with a satisfying purity. More than 80% of elements

in the periodic table have IP in this range [13] and thus laser ionization is a very

useful and dominating technique. For elements having IP beyond 9 eV, ionization

via electron bombarding is used, which is also termed as plasma ion source.

3.2.1 Surface Ionization

When an atom interacts with a surface at a high temperature, it can lose or gain

an electron, becoming a positive or negative singly charged ion. This physical

phenomenon is called surface ionization. The result depends on the ionization

potential (IP) of the atom and the work function ϕ of the surface material. In

ISOL facilities, surface ionization sources made of high ϕ materials are efficiently

used to produce positive ion beams for elements with IP lower than 7 eV [14].

In a hot cavity, ions are also created due to surface ionization from the hot

wall of the cavity itself. The Saha-Langmuir equation [15] can be used to describe

the relative proportion of the ionic density ni to the atomic one no in thermal

equilibrium. This is also termed the degree of surface ionization α,

α =
ni

no

=
gi
go
exp

(

ϕ−Wi

kBT

)

(3.23)

where ϕ is the work function of the cavity material, Wi is the ionization energy of

the element of interest, gi, and go are the statistical weights of the ionic and atomic

ground states, kB is the Boltzmann constant and T is the absolute temperature.
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Figure 3.2: Atomic elements and their corresponding suitable ion sources for

SPES project. The surface ion source is represented in yellow, the laser ion

source is represented in green, and the plasma ion source is represented in

red.
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When the excitation level of the element (atom) or its ion is comparable with

the thermal energy kBT , the ratio of the statistical weights gi/go in the above

expression is replaced by the ratio of the partition functions Qi/Qo [16, 17]:

Qx = gx +
∑

j

gjxexp(−Ejx/kBT ) (3.24)

where Ej is the excitation energy of a particular state of the atom (x = o) or the

ion (x = i).

In such a case, the degree of ionization α can be expressed as

α =
Qi

Qo

exp

(

ϕ−Wi

kBT

)

(3.25)

The surface ionization efficiency β can be expressed in terms of α with a simple

relation given by,

β =
ni

ni + no

=
α

1 + α
(3.26)

In a hot cavity, the experimental values of α and β are observed to be sig-

nificantly higher than given by the equations above. This is explained by an

amplification factor N induced in the hot cavities as a consequence of multiple

collisions inside the hot cavity wall [18]. This will be discussed in detail in the

section 5.1.

Competition between surface and laser ionization in a hot cavity

When we talk about laser ion sources, it is quite a simple introduction of laser

beams into the hot cavity of the surface ion source. Even if the lasers are more

than capable of ionizing an atom in the initial ground state, it is quite necessary

that the atoms remain in the gaseous state without getting deposited on the walls

of the cavity. In order to limit the atom-wall interaction time, a sufficiently high

temperature is maintained in the cavity for laser ion sources as well.

If the temperature of the cavity is too high, it is very likely that more surface

ions are produced, which means fewer neutral atoms available for laser interaction.

To preserve atoms in a neutral state for effective laser ionization, the relation

encourages low temperatures. On the other hand, ideally, a sample should be

fully vaporized, had all of its molecules dissociated, and had a low wall sticking

time in order to extract short-lived radioactive species. As a result and practical

compromise, materials having work functions ϕ between 4 and 4.5 eV, such as

tantalum or tungsten, are typically employed for construction. Low work function

materials would be ideal for minimizing the surface ionization process, but these
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compound materials are delicate, and inadequately resistant to mechanical stress.

Higher temperatures have other negative effects on these materials and undergo

rapid degradation over time [19].

3.2.2 Electron Impact Ionization

By bombarding an atom with projectiles, such as electrons with sufficient kinetic

energy above the atom’s ionization potential, one can also cause one electron to

detach from the atomic shell.

A common plasma ion is the Forced Electron Beam Induced Arc Discharge

(FEBIAD) ion source. A cathode is heated up by the Joule effect, allowing

thermionic emission of electrons on the surface facing the anode grid. The an-

ode is maintained at a much higher voltage in terms of hundreds of Volts and

the electrons from the cathode are drifted towards the anode where a plasma is

eventually confined. A small axial magnetic field is provided in the anode region

which induces a spiral motion in the electrons [20]. This increases the rate of

electron bombardment on the species present in the volume.

When neutral atoms are introduced in this volume, the valence electrons are

knocked off due to this bombardment by the plasma electrons and ionization of

these elements is achieved. It is not difficult to guess that this process is non-

selective and has a very large spectrum of elements, including noble gases.

3.2.3 Resonance Laser Ionization

One of the fundamental requirements for the study of radioisotopes at ISOL

facilities is the possibility of producing isotopically clean ion beams with minimal

isobaric interference. The laser ion source is commonly the preferred choice since

it offers the best elemental selectivity, which neither the surface nor the plasma

ion sources can deliver [21]. For many elements, it is also the most efficient

ionization method at online isotope separators and RIB facilities such as ISOLDE

[22] or TRIUMF [23]. The step-wise photo-ionization method [24, 25] serves as

the foundation for the resonance ionization laser ion source (RILIS). It exploits

the unique electronic energy level structures of the elements, where it selectively

promotes an electron beyond the ionization potential.

The wavelength-tunable lasers allow us to precisely match the frequency of

the photons to the transition energy of the valence electron(s) of a particular

element. When the photons are guided into a vapor of several elements, they

will predominantly excite the electrons of the atoms of the targeted element. The

valence electron is successively promoted by laser photons through the energy level
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structure of the atom leading finally to either high-lying Rydberg states below

the ionization potential (IP), auto-ionizing states, or directly into the continuum

through the so-called non-resonant excitation.

The atomic transition between two bound states 1 and 2 can be characterized

by an absorption cross section,

σ12 =
g1
g2

λ12A21

4π2∆ν12t
(3.27)

where g1 and g2 are the degeneracy of the levels 1 and 2 respectively, λ12 is

the wavelength of the incident laser, A21 is the Einstein coefficient and ∆ν12 is

the spectral width of the transition between states 1 and 2 in the laser atom

interaction region.

Saturation of an atomic transition can be achieved with sufficient energy den-

sity of the laser pulse. Use of short laser pulses for resonant excitation minimizes

the losses due to the spontaneous decay of excited atomic states. If the laser has

a pulse duration tL < τ2 (τ2 is the decay time of the excited state 2), the “laser

pulse energy density” required to saturate the resonant transition between the

bound states 1 and 2 could be expressed as,

ϵsat12 =
hν12
2σ12

∆ν12L
∆ν12t

(3.28)

where h is the Planck constant, ν12 is the frequency of the laser light and ∆ν12t is

the spectral line width of the laser.

For allowed electric dipole transitions between bound atomic states, the ab-

sorption cross-sections are typically in the range of ∼ 10−10 − 10−15 cm2. For

these transitions, saturation can be achieved with nanosecond lasers with an en-

ergy density in the range of ∼ 10−6 − 10−3 J cm2. Transition to the ionization

continuum has much lower absorption cross-section and therefore, are very diffi-

cult to saturate.

The RILIS technique is employed in many leading ISOL facilities such as

CERN-ISOLDE [26, 27], GANIL [28], GSI [29], IRIS-PNPI [30], JG Mainz [31],

JYFL [32], KU Leuven [33], RIKEN [34] and TRIUMF-ISAC [35]. In Letokhov’s

book Laser Photoionization Spectroscopy [24], the theory of resonance ionization

is covered in detail with a focus on the resonance ionization spectroscopy method.
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Producing an isotopic of high purity with RILIS technique

Figure 3.3: Principle of production of an isotopic beam with RILIS technique.

The red-filled circle (with green cross-hairs) represents the isotope selected.

As discussed above, the RILIS technique is very element selective and can ionize

atoms of just one particular element in the atomic vapor. When this technique

is combined with a mass separation technique such as a dipole magnet or Wein

filter, the atomic beam can be squeezed down to an isotopic level with very high

purity, as laid out in Figure 3.3.

Different pathways of photo-ionization

Figure 3.4: A simplified representation of different pathways of photo-

ionization
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In a laser ion source, an atom can be ionized via three typical multi-photoionization

schemes, as shown in Figure 3.4. In all schemes, the atoms are initially excited to

a discrete energy state well below the ionization threshold, IP, by the absorption

of photons of wavelength λ1. It should be noted that λ1 is an over-simplification

and could easily be a combination of multiple resonant steps to arrive at this

discreet level.

The last transition that causes the ionization of the atom can be categorized

as one of the following:

• Auto-ionizing states (λ2)

• Non-resonant ionization (λ3)

• Rydberg states (λ4)

These pathways have different cross-sections and are roughly presented in

Figure 3.5, adopted from [13].

Figure 3.5: Cross sections of the different transitions are indicated roughly

in orders of magnitude.

The resonant steps have higher cross-sections compared to other kinds of tran-

sitions. Clearly, a non-resonant ionization is the most unfavorable when it comes

to cross-section value but several schemes employ this step if auto-ionizing states

or Rydberg states of these elements are not well-known experimentally. The low

value of the cross-section is compromised by usually using a high-power laser, in

terms of several watts, for the non-resonant transition. The wavelength of this
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laser could be any value that can provide photons higher than the energy gap to

cross the ionization threshold.

It is important to note that these cross-section values drop roughly by two

orders of magnitude in a hot environment due to different velocity components

of the atoms.

3.2.3.1 Auto-Ionizing States (AIS)

For many elements, a complex energy-level structure exists above the ionization

potential. Excited states within this region are known as auto-ionizing states.

These states are the result of the excitation of two atomic electrons whose com-

bined excitation energy is greater than the ionization potential (IP) of the atom.

If the total excitation energy is higher than the IP, de-excitation may occur via

a “non-radiative process” in which the excitation energy of one electron is trans-

ferred to the other, resulting in ionization. The typical lifetime of these decay

channels is very short, in the order of 10−15 to 10−10 seconds, resulting in a large

natural linewidth of several GHzs.

This state corresponds to a discrete level up till we ignore electron interaction.

However, due to the interactions between the electrons, this state decays, resulting

in the transfer of one electron into a lower state and the excess energy taken by

the second electron, which releases the first.

3.2.3.2 Non-Resonant Photo-ionization

In this process, the ionization of atoms is achieved by non-resonant photon ab-

sorption from a suitable high-lying excited state to cause a transition to the con-

tinuum. This form of transition has a small cross-section (in terms of 10−17 cm2).

This transition consequently requires a greater photon flux than the stronger

resonant transitions of previous excitation steps in the ionization scheme.

The final step power for a laser ion source installation is typically delivered

using the laser with the maximum power available at a wavelength that allows the

excited atom to reach the ionization potential. This could be a Nd: YAG laser

with a second harmonic emission at 532 nm, depending on the laser configuration.

Such a laser would be suitable if the previous transitions of the photo-ionization

scheme excite the atom to within 18797 cm−1 from ionization threshold.

For a non-resonant transition step, the rate of photo-ionization is directly

proportional to the number of photons available. So for a given laser wavelength

of the non-resonant step, higher power assures higher ion current. Also, if the

energy gap is within reach, using the fundamental emission of Nd:YAG i.e. 1064
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nm could provide twice the number of photons compared to 532 nm at the same

power. This scenario should also be considered for the choice of the laser.

3.2.3.3 Rydberg States

Rydberg levels are a series of high-lying excited states with a high and successively

increasing, principal quantum number. The ionization potential of an atom may

be precisely calculated by observing numerous Rydberg series members and the

study of the energy level gap between them.

The energy gap between these levels and ionization potential is given by the

Rydberg formula,

∆En = IP − Ry

[n− δ(n, l)]2
(3.29)

where IP is the ionization potential, Ry is the Rydberg constant (with reduced

mass) and δ(n, l) is the quantum defect. The quantum defect accounts for the

corrections to the Coulomb potential by the core electrons. The inner electrons of

a multi-electron atom do not completely screen their associated nuclear charge.

Transitions to the high-lying and abundant Rydberg levels can have huge

photon absorption cross sections (in terms of 10−13 cm2), comparable to the

auto-ionizing states. Rydberg levels can have long lifetimes (a few microseconds)

and increase approximately as the cube of the effective quantum number [36].

These levels are very susceptible to external effects because of their long lifetimes

and their proximity to the ionization potential in terms of energy. The Rydberg

atoms can be, thus, ionized with the mechanisms such as: electric field, collision

and thermal excitations.

3.3 Transition Line Shapes and Broadening Ef-

fects

3.3.1 Natural Linewidth

The uncertainty principle suggests that for particles with extremely short life-

times, there will be significant uncertainty in the measured energy. As a con-

sequence, the energy level above ground state with energy E and lifetime ζ has

uncertainty in energy,

∆E.ζ ≥ ℏ/2 (3.30)

The short-lived states have large uncertainties in energy. A photon emitted

in a transition from this level to the ground state will have a range of possible
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frequencies,

∆νnat ∼
∆E

h
∼ 1

4πζ
; [ℏ = h/2π] (3.31)

If an atomic state n has spontaneous decay to all lower energy levels n′, the

decay rate is given by,

γ = ∆νnat =
∑

n′

Ann′ (3.32)

The line profile for transitions to the ground state is of the form,

ϕ(ν) =
γ/4π2

(ν − νo)2 + (γ/4π)2
(3.33)

Thus for an unsaturated atomic transition, the resonance profile is given by a

Lorentzian profile with the natural linewidth γ of the transition.

The full width at half maximum (FWHM) of the Lorentzian profile is,

∆νnat−FWHM = 2γ =
1

2πζ
(3.34)

Typical lifetimes of the atomic levels are in the range of several nanoseconds

and hence, natural linewidth falls in the range of 10 to 100 MHz.

For a two-level system, the natural linewidth of the transition can be simply

related to the atomic transition probability Aki using the equation,

ζ =
1

Aki

(3.35)

If radiation is present, stimulated emission rates are added to the spontaneous

ones. Away from the center, the decay is very much slower compared to the

Gaussian profile. Generally, the natural linewidth is not directly observed as

other broadening mechanisms usually dominate.

3.3.2 Doppler Broadening

Random motions of atoms in a gas depend on temperature. Doppler broadening

is the result of the velocity distribution of atoms in a vapor due to the vapor tem-

perature. The velocity distribution follows a Maxwell–Boltzmann distribution.

The velocity distribution dN(vx) has the dependency as the following,

dN(vx) ∝ exp

(

− mv2x
2kBT

)

dvx (3.36)

where m is the mass of an atom, kB is the Boltzmann constant and T is the

temperature of the vapour.
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However, for the modulus of the velocity vector, dN(v) has an extra factor of

v2,

dN(v) ∝ v2exp

(

− mv2

2kBT

)

dv (3.37)

The velocity version 3.36 gives the thermal broadening, as we only care about

the motions along the line of sight. Moving atoms experience a Doppler shift of

the incident laser radiation and, the shifted frequency is given by:

ν = νo(1±
vx
c
) (3.38)

where νo is the initial frequency, vx is the velocity of the atoms in the line of sight

and c is the speed of light.

The broadening of the resonance profile from different velocity classes with

the incident radiation at different Doppler shifts results in a Gaussian profile

described by,

ϕ(ν) =
exp− [(ν − νo)/∆ν

2
D)]

∆νD
√
π

(3.39)

where ∆νD is the Doppler width given by

∆νD =
νo
c

√

2kBT

m
(3.40)

The correspondent full width at half maximum (FWHM), ∆νD−FWHM is given

as,

∆νD−FWHM = 2
√

2ln(2)∆νD = νo

√

8kBT ln(2)

mc2
(3.41)

The Doppler broadening FWHM, calculated from Equation 3.41, for different

masses at different wavelengths and temperatures are shown in Figure 3.6. It is

quite clear that the Doppler broadening of the linewidth increases with higher

temperatures and lighter atoms. The Doppler broadening restrains the linewidth

of the resonance profile in the GHz regime and is an extremely limiting factor on

the resolution of spectroscopic investigations in hot environments. As the natural

linewidths are in the order of a few tens of MHz, the presence of such a broadening

effect in terms of GHz must be avoided for high-resolution spectroscopy.

However, if we are working in a hot environment and the goal is to achieve

maximum ionization efficiency of the atoms in the said environment, laser sys-

tems with spectral bandwidth comparable to the Doppler broadening could be

employed. This should allow us to address all the velocity classes of atoms. Using

lasers of linewidth around 10 GHz is quite common for the purpose of ion pro-

duction in laser ion sources to capture Doppler-shifted atoms and ensure higher

ion production. However, the use of a much larger linewidth increases the chance
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Figure 3.6: Doppler broadening dependence on mass at different wavelengths

and temperature.

of probing other nearby atomic lines of other elements, which could compromise

the chemical selectivity of the laser ion source.

3.3.3 Power Broadening

When the intensity of the laser approaches or exceeds the saturation intensity of

the atomic transition, an additional broadening can be observed. This is known

as the power broadening.

Let us consider a two-level system with a center frequency of transition νo and

Lorentzian natural line profile with FWHM linewidth ∆νnat−FWHM = 2γ.

Below the saturation intensity, the linewidth is narrow and resembles the nat-

ural linewidth of the atomic transition. As the intensity increases and approaches

the saturation intensity, the population of the excited state converges towards its

maximum value of 50% (in the case of a two-level system).

If the laser intensity is above the saturation intensity, the Lorentzian linewidth

increases proportional to the laser intensity. Saturation parameter So can be

defined as,

So =
Intensity of the laser

Saturation intensity of the transition
(3.42)

The frequency-dependent absorption coefficient α(ν) has an increase in the
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value with respect to the unperturbed absorption coefficient αo(νo) at resonance

νo, as the following equation.

α(ν) = αo(νo)
γ/4π2

(ν − νo)2 + (1 + So)(γ/4π)2
(3.43)

This results in a new Lorentzian profile with a FWHM linewidth given by,

∆νsat−FWHM = 2γ
√

1 + So (3.44)

It is important to note that the broadening depends on the parameter So,

which implies also the overall laser power and the focusing of the laser in the

interaction region.

3.3.4 Pressure Broadening

The natural linewidth arises because excited states have a finite lifetime. Colli-

sions of atoms with other atoms or molecules randomize the phase of the emitted

radiation. If frequent enough, collisions result in a reduction of the effective life-

time of the excited state and hence a larger uncertainty for the emission frequency.

This mostly occurs if the atoms of interest are inside a buffer gas maintained at a

certain pressure. It causes an increase in the Lorentzian linewidth as represented

in Figure 3.7. The resultant broadening of the linewidth is affected by the nature,

density, and temperature of the buffer gas.

Figure 3.7: Collisions leading to a random phase of the emitted radiation and

eventually a broadening of the Lorentzian profile
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3.3.5 Voigt Profile

If the centered Lorentzian distribution and Gaussian distribution with profile

parameters γ and σ respectively are indicated by L(ν;γ) and G(ν;σ) respectively,

the convolution of these two profiles is given by a Voigt profile as,

V (ν; σ, γ) =

∫

∞

−∞

G(ν ′; σ)L(ν − ν ′; γ)dν ′ (3.45)

where ν ′ is the shift from the line center.

It is often used in analyzing data from spectroscopy where different contribu-

tions to the line profiles are present. The tails of the Lorentzian profile fall off

slower than the Gaussian profile, so the core remains roughly Gaussian, while the

wings look like a Lorentzian profile.

Full Width at Half Maximum (FWHM) of a Lorentzian profile is fL = 2γ and

of a Gaussian profile is fG = 2
√

2ln(2)σ ≈ 2.355σ.

The FWHM of a Voigt profile can be calculated to an accuracy of 0.02% using

the following relation [37]:

fV ≈ 0.5346fL +
√

0.2166f 2
L + f 2

G (3.46)

3.4 Tunable Laser Sources

3.4.1 Principle of a Laser

Laser stands for “Light Amplification by Stimulated Emission of Radiation.” It

is a device that produces a coherent and low-divergence beam of light through

the process of stimulated emission. The principles of laser operation can be

summarized as follows:

1. Stimulated Emission: The laser operates based on the principle, which was

first proposed by Albert Einstein in 1917. According to this idea, when an atom or

molecule in an excited state interacts with an incoming photon matching a decay

transition, it can undergo that energy jump to a lower energy state, emitting a

second photon that is identical to the stimulating photon in terms of frequency,

phase, and direction [24].

2. Population Inversion: In order to achieve laser action, a population in-

version is necessary. This means that more atoms or molecules should be in an

excited state than in a lower energy state. This can be achieved through different

methods, such as optical pumping or electrical excitation, and needs at least a

three-level scheme.
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3. Pumping Mechanism: The gain medium in a laser needs to be energized to

achieve population inversion. This is typically done by providing energy through

a process called pumping. Pumping can be achieved using various methods, such

as optical pumping (using an external light source), electrical pumping (passing

an electric current through the gain medium), or chemical reactions.

4. Optical Feedback: A laser typically consists of an active medium (such as

a crystal, gas, or semiconductor), a mechanism to achieve population inversion,

and an optical cavity. The optical cavity consists of two mirrors, one of which

is partially reflective. The partially reflective mirror allows a small fraction of

the emitted light to escape, while the remaining light is reflected back into the

cavity. This creates a feedback loop that allows the light to undergo multiple

passes through the active medium, resulting in amplification.

5. Gain Medium: The active medium in a laser is responsible for providing the

gain required for amplification. Different types of lasers use different gain media.

For example, solid-state lasers use crystals or glasses doped with ions, gas lasers

use gases such as helium or neon, and semiconductor lasers use semiconductor

materials.

6. Coherence: One of the defining characteristics of laser light is its coherence.

Coherence refers to the property of light waves being in phase with each other,

both in time and space. In a laser, the stimulated emission process automatically

leads to the production of coherent light, where the waves have a constant phase

relationship. This coherence is also related to the possibility for a laser beam to

be focused on a small spot and to have a well-defined wavelength.

7. Monochromaticity: Laser light is highly monochromatic, meaning it con-

sists of a narrow range of wavelengths. This is due to the fact that the stimulated

emission process produces light with a well-defined frequency determined by the

energy difference between the excited state and the lower energy state.

3.4.1.1 Dye Lasers

Dye lasers are a type of tunable laser that utilize organic dye molecules as the gain

medium. These lasers are capable of emitting a wide range of wavelengths, making

them versatile tools in scientific research, spectroscopy, and various industrial

applications. The working principle of dye lasers involves the excitation of dye

molecules, their energy transfer, and the process of stimulated emission. The

dye molecules must possess specific properties to function effectively as the active

medium, such as a broad absorption spectrum to absorb a wide range of pump

wavelengths and an emission spectrum that overlaps with the desired output

wavelength [38].
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One of the most significant advantages of dye lasers is their broad tunability

range (from ultraviolet to infrared regions). They can cover a wide range of wave-

lengths by selecting appropriate dyes and tuning the cavity length or employing

different optical elements [39]. Dye lasers have the potential to achieve relatively

high conversion efficiencies when pumped by appropriate light sources. This high

efficiency is crucial for practical applications.

3.4.1.2 TiSa Lasers

Titanium-Sapphire lasers, also known as Ti:Sa lasers, are a type of solid-state

laser that utilizes a crystal made of titanium-doped sapphire as the gain medium.

It was introduced by Moulton in the 1980’s [40]. It is highly regarded for its ability

to generate ultrafast pulses, high output power, and tunability over a broad range

of wavelengths. Ti:Sa lasers have a very broad tuning range in the visible and

near-infrared spectrum, typically covering wavelengths from around 650 to 1100

nm, with a peak around 800 nm. This tunability is achieved by adjusting the

cavity length and the tuning element in the laser resonator. Ti:Sa lasers are

typically pumped by another laser, such as a frequency-doubled Nd:YAG laser

or a green laser, as the pumping transition absorbs in the range of 370-670 nm.

The pump source provides the necessary energy to excite the titanium ions in the

sapphire crystal, resulting in laser emission.

The gain medium of the laser is a single crystal of synthetic sapphire (Al2O3)

that has been doped with titanium ions (Ti3+). The titanium ions provide the

necessary energy levels for laser amplification. The ground state of the Ti3+ is

coupled to the field and vibrational modes of the sapphire lattice. This coupling

introduces a splitting into two continuous vibrational energy bands of sapphire.

The two bands can be exploited to host a four-level scheme with rapid vibrational

(non-radiative) decay within the bands and a longer-lived lasing transition in

between them.
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Chapter 4

Photo-Ionization Study of Silver

Due to its therapeutic qualities, the 111Ag isotope is of great interest to the

ISOLPHARM project [11]. It decays through a convenient β− process with a

half-life of 7.45 days and an average energy of ∼ 360 keV, which equates to a

medium tissue penetration depth (1.8 mm).

According to NIST [41], silver has an ionization potential (IP) of 61106.45

cm−1 (around 7.6 eV), which can be successfully exceeded by RILIS employing

precise laser wavelengths that represent the transitions between the electronic

states of the atoms. There are a few well-known methods for photo-ionizing silver

that have been employed in facilities including IGISOL[42], TRIUMF-ISAC[43],

and ISOLDE[44].

4.1 Possible Resonant Schemes of Silver

These atomic transitions can be combined in various ways to excite the ground-

level valence electron beyond the IP. Table 4.1 lists a few options that may offer

the route for the resonant photo-ionization of silver [45]. As is visually demon-

strated in Figure 4.1 [45], the electron has not yet crossed the IP after the two

resonant transition steps. Yet, by absorbing a photon from any of the earlier

excitation phases, the electron can be pushed beyond the IP from the highest ex-

cited level. With a third non-resonant laser that produces photons with sufficient

energy to cross the gap, higher ionization efficiencies could be achieved.

41
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Table 4.1: Possible resonant photo-ionization schemes of silver ( wavelength

values indicated in vacuum); ground state configuration of Ag is 4d105s 2S1/2
.

First Transition First Excited level Second Transition Second Excited level

λ (nm) (Term; J ) λ (nm) (Term; J)

328.163

362.514 4d108d(2D;5/2)

371.026 4d109s(2S;1/2)

4d105p(2Po;3/2) 381.205 4d107d(2D;5/2)

421.402 4d106d(2D;3/2)

466.983 4d107s(2S;1/2)

546.707 4d105d(2D;5/2)

368.357 4d107d(2D;3/2)

384.186 4d108s(2S;1/2)

338.387 4d105p(2Po;1/2) 405.666 4d106d(2D;3/2)

447.734 4d107s(2S;1/2)

521.059 4d105d(2D;3/2)

Figure 4.1: Simplified level scheme of silver and applied excitation path.

Wavelength values indicated in vacuum.
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4.2 Experimental Set-Up

Figure 4.2 shows a schematic sketch of the experimental apparatus that will be

described in detail in the following sub-sections.

Figure 4.2: Experimental set-up for the laser photo-ionization study of silver.

PUMP 1 and PUMP 2 represent the pump Nd:YAG lasers while DYE 1 and

DYE 2 represent the dye lasers respectively. SHG is the Second Harmonic

Generation crystal, HCL is the Hollow Cathode Lamp and TOF-MS repre-

sents the Time of Flight Mass Spectrometer.

4.2.1 Parameters of the Dye-Laser Systems Used

Using dye lasers, both transitional wavelengths are produced. The first step is

provided by a Quantel TDL50 dye laser pumped with 532 nm (1.1 W @ 10 Hz)

beam from a Quantel YG 580 laser. The used dye solution is Sulforhodamine 640

(0.3 g/L for oscillator and 0.075 g/L for amplifier) with methanol solvent [46].

This dye laser is tuned at 656.326 nm, then the resulting laser beam is frequency

doubled with a Second Harmonic Generation (SHG) crystal which produces UV

light at 328.163 nm.

A focusing lens can be used to focus the fundamental beam inside the SHG

to obtain more power of the UV light. If it is the case, a convenient lens has

to be employed later after the SHG to shape the beam in the interaction region.

In our case, there was sufficient UV light, so a focusing lens was not employed

before the SHG. After the frequency is doubled, the fundamental (656.326 nm)

and the second harmonic (328.163 nm) are spatially separated by passing through

a prism. The fundamental beam is directed to a High Finesse WS7 wavemeter,

which continually monitors the wavelength.
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Table 4.2: Parameters of the excitation dye lasers

Laser Fundamental SHG Power Pulse

λ ∆λ ∆ν λ ∆λ ∆ν length

(nm) (pm ) (GHz) (nm) (pm) (GHz) (µW) (ns)

TDL50 656.326 3-3.5 2.1-2.4 328.163 1.1-1.2 3.0-3.3 20-30 20

FL2002 421.402 1-1.1 1.7-1.9 - - - 500-550 20

The second step is provided by a Lambda Physik FL2002 dye laser pumped

with 355 nm (0.5 W @ 10 Hz) from a Quantel YG 980. The used dye solu-

tion is Stilbene 420 (0.25 g/L both for the oscillator and the pre-amplifier) with

methanol solvent [46], and the system is tuned at 421.402 nm. The 2 pump lasers

and the ablation laser are synchronized and, therefore, it is possible to optimize

experimentally the time delay between the laser pulses. Normally, the time delay

is in terms of a few nanoseconds.

A few important parameters of the dye laser systems used for the experiment

are listed out in Table 4.2.

It must be noted that the resulting peak amplitude and the FWHM values of

the resonance profiles fitted with Voigt function in Section 4.3 and 4.4 are derived

with a high level of confidence and a relative error of less than 7%, mainly due

to the noisy character of the data.
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4.3 Using TOF-MS

In Figure 4.2, TOF-MS stands for Time of Flight Mass Spectrometer which has

been set up in the SPES offline laser lab. The details of this system are discussed

in [47] and a picture is shown in Figure 4.3. The system is maintained at high

vacuum in the range of 10−7 mbar and has a flight length of 1.90 m. A Micro

Channel Plate (MCP) detector is employed for the collection of the ions.

The TOF-MS is coupled with an Nd:YAG ablation laser (1064 nm) which is

directed onto a solid target, and placed inside the TOF-MS housing, to create

a vapor of atoms. The excitation lasers are sent orthogonally into the ablation

plume and the ions, created as a consequence of photo-ionization in the interaction

volume, are directed towards the MCP with the finely tuned ion-optics system,

as shown in Figure 4.4.

Figure 4.3: The TOF-MS in the SPES offline laser lab. As indicated, 1 is

the reaction chamber inside which the target and the extraction electrode

system are present. 2 is the entrance window of the excitation lasers and 3 is

the entrance window for the ablation laser. 4 is a 1.90-meter-long tube that

provides the flight of the extracted ions to the MCP, indicated as 5.
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Figure 4.4: A schematic representation of the ion-optics inside the TOF-MS.

The four electrodes are: a repeller plate (Rep), an extraction grid (Ext), an

electrostatic lens, and a zero voltage grid are indicated. The grey triangle

(not in scale) represents an upward expanding conical plume of silver and the

purple cross-mark indicates the excitation lasers incident orthogonal to the

vertical axis of the plume. The grey dot represents a laser-ionized silver ion

which is guided to the MCP with the ion optics.

A SIMION® [48] simulation of the ion path was performed to have an estimate

of the optimal electrode voltages and the time of flights of the ions in the given

configurations.

Figure 4.5: SIMION® simulation of the flight of the silver ions with the

ion-optics at the indicated electrode voltages in Figure 4.4.
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4.3.1 Target and Ablation Technique

The targets used in this experiment were disc-shaped silver targets (5 mm in

diameter, 1 mm thick). They were purchased from Carlo Erba Reagents S.r.l. The

target is 99.9% pure silver composed of the natural abundance 51.83% (107Ag)

and 48.17% (109Ag ).

Figure 4.6: Solid target of

99.9% pure silver

Figure 4.7: Teflon target

holder with the silver target

A Quantel YG 980 ablation laser with 20 ns pulses up to 2 J energy at 1064

nm and a 10 Hz repetition rate is used to create an atomic plume from the solid

silver target. The ablation pulse is fired on a silver target 30-35 µs before the

first excitation laser. This provides an optimal time for the ablation plume to be

generated before the excitation lasers arrive at the interaction region. The beam

is focused just enough to cover the surface area of the solid silver target. The

power of the ablation laser used is 0.8-0.9 W with a spot size of ∼ 4.9 mm (power

density ∼ 4.2-4.7 W/cm2) on the target surface. The resulting plume is conically

expanding with a vertical central axis.

High power of the ablation laser results in the generation of a significant

amount of ions in the plume, which is not desirable as we are looking for interac-

tion below the first ionization energy. It also has the potential risk of damaging

the MCP as these ablation ions will be deposited on the MCP continuously with

high intensity. Therefore, a sufficiently low ablation laser energy level was main-

tained during the whole experiment.

4.3.2 Experimental Conditions and Results

The signal collected from the MCP was sent to a Tektronix oscilloscope (model:

MSO 5204B). The oscilloscope has 4 main working channels which allowed us to

see the ablation pulses, the two excitation laser pulses, and the MCP signal. The
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data acquisition, the readings of the lambda-meter, and the automatic wavelength

scan of the excitation lasers TDL50 and FL2002 are operated through a Matlab

program.

4.3.2.1 Isotopic Identification

The TOF signal of silver as collected on the MCP is shown in Figure 4.8. The

silver target consists of two isotopes of silver, 107Ag and 109Ag which are detected

separately with a satisfying time resolution. In the configuration of the ion-optics

described in Figure 4.4, 107Ag and 109Ag are arriving on the MCP at 2.672 µs and

2.698 µs, respectively.
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Figure 4.8: Detected TOF signal of silver. The signal is plotted against time

(upper x-axis) and against mass (lower x-axis).

4.3.2.2 Doppler-suppressed scheme test

The Doppler broadening arises due to the different velocity components of the

atoms in the hot ablation environment. So naturally the key to avoid Doppler

broadening is to avoid different velocity components in the given environment.

This can be done by probing just a tiny volume inside the plume which will nearly

contain single velocity components, if properly interrogated by the lasers.

Both the excitation lasers are directed into the ablation plume in the plane

orthogonal to the vertical central axis of the plume. This suggests that only
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the horizontal components of the atomic velocities are affected by the Doppler

effect. When compared to collinear injection, injecting the excitation lasers non-

collinearly to one another unquestionably reduces the volume of the interaction

zone by a large factor. In order to choose a group of atoms with almost zero

horizontal velocity close to the central axis of the plume, smaller laser beam

widths are crucial since they provide a smaller interaction volume. The higher

angular separation of the excitation lasers ensures this selection even further.

The size of the laser beams is not small enough to be focused down to achieve

the desired small interaction volume. A higher-focusing lens could have provided

a smaller depth of focus but an alternative approach is to physically trim the

beams before the lenses are used. Iris, with very small apertures, was placed

before each focusing lens to achieve this.

Figure 4.9: 1st transition step Doppler-suppressed wavelength scan

4d105s2S1/2 → 4d105p 2Po
3/2. Scanning range = 28 pm (77.9 GHz)
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Figure 4.10: 2nd transition step Doppler-suppressed wavelength scan

4d105p2Po
3/2 → 4d106d 2D3/2. Scanning range = 22 pm (37.2 GHz)

Consequently, the diameters of the laser beams used to attain the desired

interaction volume are 0.6-0.8 mm and 1.0-1.2 mm for the 1st step and the 2nd

step transition lasers, respectively.

The angular separation between these laser beams is maintained at ∼ 8.5

(eight and a half) degrees and in this configuration, a very small intersection

volume, ∼ 0.5 mm3, is achieved inside the ablation plume. This precise selection

of the tiny interaction volume allowed us to have a Doppler-suppressed scan of

the transition lines in the ablation plume.

Figure 4.9 and Figure 4.10 show clear resonance of the 1st step and the 2nd

step at 328.163 nm and 421.402 nm, respectively. The resonance profiles reflect

very narrow linewidths of ∼ 1.2 pm (3.3 GHz) and ∼ 1.0 pm (1.7 GHz). The

respective laser profiles with corresponding linewidths (see Table 4.2) are repro-

duced, showing practically no effect of Doppler broadening.

4.3.2.3 Effect of Laser Linewidth on Doppler Broadening

An effort was made to investigate the Doppler-affected scenario and the impact

of the linewidths of the excitation laser lights for the subsequent portion of the

experiment.
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To study this case, a larger interaction volume containing a higher distribution

of the atomic velocities is necessary. The experimental condition changes for

these measurements are: a) nearly collinear injection of the excitation lasers and,

b) larger beam diameter of the 1st step laser, increased to 1-1.5 mm, from the

previous value of 0.6-0.8 mm. These changes create a significantly much larger

interaction volume bringing Doppler broadening into the picture.

Figure 4.11: 1st step Doppler broadening; scanned with 2nd step laser op-

erating as single-mode laser @421.402 nm. Scanning range = 68 pm (189.3

GHz)

The wavelength scan of the first transition step affected by Doppler broadening

is shown in Figure 4.11. As can be seen, the Gaussian contribution has increased

to 0.861 pm compared to 0.007 pm in the Doppler-free case shown in Figure 4.9,

thereby increasing the linewidth of the resonance profile to ∼ 2.7 pm (7.5 GHz)

from ∼ 1.2 pm (3.3 GHz). This is the frequency range within which Ag+ ions can

be produced in a Doppler-affected scenario, using these laser wavelengths with

the given linewidths (see Table 4.2).

The drawback of using lasers with narrow linewidths to produce ions in a hot

environment is that many atoms, which are subjected to the Doppler effect, are

lost. Large linewidth lasers are utilized for ion production in laser ion sources

(LIS) to prevent this loss.
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To study this scenario, the pumping power in the dye oscillator of the 2nd dye

laser was increased to push the gain of the cavity far beyond the gain threshold.

This allowed additional modes to resonate effectively in the oscillator cavity. The

pumping power was increased to such a level that not only the extra modes were

created in the oscillator cavity but these modes were also power-broadened to

provide a practically continuous wide laser profile with an effective linewidth of

∼ 10-15 pm corresponding to ∼ 16.9-25.3 GHz.

Figure 4.12: 1st step Doppler broadening; scanned with 2nd step laser op-

erating as multi-mode laser with central frequency @421.402 nm. Scanning

range= 50 pm (139.2 GHz)

At this stage, by carefully observing the intensity of the ion signal collected on

the MCP, the amplification of the laser beam, coming out of the oscillator cavity,

was decreased to retain a similar power to the central mode. This procedure was

performed to emphasize the effect of the spectral linewidth of the excitation laser

light. With this setup, the overall laser power of the 2nd dye laser was 850-900

µW.

The resonance profile of the first-step wavelength scan with the second-step

laser retained in multi-mode is shown in Figure 4.12. The linewidth of the profile

shows a significant increase to ∼ 7.5 pm corresponding to ∼ 20.9 GHz. The area

under the curve has grown to ∼ 3.5 times in comparison to Figure 4.11 showing
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a proportional change in the number of ions collected. In other words, the first-

step laser would generate an equivalent number of ions by simply operating at its

resonant wavelength of 328.163 nm if it had a linewidth of about 20.9 GHz. This

is a resounding qualitative confirmation that a broad linewidth of the excitation

lasers can cause increased ion production in a hot environment where the Doppler

effect is dominantly present.

To capture Doppler-shifted atoms and ensure increased ion production, lasers

with linewidths of 10 GHz are frequently used in laser ion sources. However,

the use of a much larger linewidth increases the chance of probing other nearby

atomic lines of other elements, which could compromise the chemical selectivity

of the laser ion source.

4.3.2.4 Fine Structure of the Level 4d106d 2D (J=5/2 and J=3/2)

Figure 4.13: Fine structure of 4d106d 2D [J=5/2 (left peak) and J=3/2 (right

peak)]. Scanning range= 330 pm (557.4 GHz)

The fine structure split of the Ag-level 4d106d 2D is well depicted in Figure 4.13.

The scan reveals resonance peaks at 421.217 nm and 421.402 nm, which, on the

left and right, correspond to transitions to J=5/2 and J=3/2 respectively. The

fine structures show a split of roughly 186 ±2 pm corresponding to 314 ±3 GHz,
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in agreement with the National Institute of Standards and Technology (NIST)

database value of 185 pm corresponding to 312.5 GHz [41].

Qualitatively, the left peak has higher intensity and could point to a higher

transitional probability of the line. According to this measurement, the 2nd step

transition to J=5/2 would be the preferred choice for the production of Ag+ ions

in the SPES facility. However, a quantitative comparison of the relative intensities

of the two transitions cannot be made since the stability of the intensity of the

ablation plume is not well determined.

The results discussed in Section 4.3 have been published under MDPI-Applied

Sciences [45].
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4.4 Using Hollow Cathode Lamp (HCL)

For the measurements with the HCL, the laser parameters are the same as indi-

cated in Table 4.2, except that the power of the lasers were much lower, around

10-20% of the values indicated in 4.2.

The primary requirement of a hollow cathode lamp (HCL) is to generate a

complete spectrum of the element which has to be studied. HCLs are designed to

provide the spectral emission of different elements, characterized by high spectral

purity and decent intensity. A HCL usually consists of a glass tube containing a

hollow cathode, a ring-shaped anode, and a buffer gas, usually a noble gas. The

glass tube has a window made of synthetic silica or UV glass or borosilicate glass.

Compared to parallel plate electrodes, using a hollow platter increases the

current density by around 10 times and thus allows for enhancement of the emis-

sion intensity and a lower voltage drop in the lamp. The buffer gas is ionized

by the voltage across the anode and cathode. The process creates a plasma and

the electric field accelerates the buffer gas ions into the cathode surface. The

kinetic energy of ion impact causes the cathode material to sputter away from

the cathode surface into the vapor phase.

The same electric field causes the electrons to move toward the anode. These

electrons collide with the sputtered metal atoms and promote them from the

ground state to an excited level. When these excited atoms return to the ground

state (which normally takes a very short time in terms of nanoseconds), they emit

the monochromatic light characteristics of the metal atoms.

In an ideal situation, the line profile of the emitted radiation exhibits no

spectral line broadening other than natural broadening. However several broad-

ening mechanisms are present and observed during the actual operation of the

lamp. Broadening mechanisms like Doppler broadening, self-absorption line, pres-

sure broadening, Zeeman effect and Stark effect broadening are present. Self-

absorption is an effect when a photon emitted by an atom may be absorbed by a

different atom before it escapes from the source. The major broadening mecha-

nisms in a hollow cathode lamp are Doppler broadening and self-absorption lines

with distortion.

4.4.1 Silver HCL

A silver HCL is used to study the photo-ionization scheme of silver using the

opto-galvanic effect. Figure 4.14 and 4.15 shows the silver HCL in the state “off”

and “on” respectively.

The specification of the silver HCL are given below:
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• Cathode element: Ag

• Buffer gas: Ar

• Maximum current: 4mA

• Primary emission line: 328.163 nm

Figure 4.14: Silver hollow

cathode lamp turned off

Figure 4.15: Silver hollow

cathode lamp turned on

4.4.2 HCL and Opto-Galvanic Effect

Illumination of a gas discharge with resonant radiation causes perturbations of

the steady-state populations of two or more levels. Since the collisional ionization

rates from various levels are typically not equal, changes in the steady-state pop-

ulations of bound levels will also affect the discharge’s ionization balance. This

in turn results in a modification of the electrical characteristics of the discharge.

The opto-galvanic effect (OGE) has been described in several ways:

1. a change in the electric field per unit pressure

2. a change in the discharge current

3. a change in impedance of the gas discharge

Depending on the kinetics of the levels whose populations are perturbed by

the laser, the OGE can correspond to an increase or decrease in discharge current.

An increase in the discharge current and a drop is observed if the resonant laser

excites the atom from a level with a low probability of ionization to a level with
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a higher probability of ionization. On the other hand, if the laser excites the

atom from a level with a high probability of ionization to a level with a lower

probability of ionization, the opposite effect is observed on the OGE signal.

With opto-galvanic detection, an optical transition can be easily observed

without the use of any traditional optical detectors because the gas discharge

serves both as a spectroscopic sample and a detector. The effect was used for

spectroscopy purposes for the first time in 1976 [49]. The OGE signal can be con-

sidered proportional to the intensity of the resonant radiation [50]. The change

in the discharge properties due to interaction with the resonant laser radiation is

small. Therefore analysis of the OGE signal is a good alternative to the absorp-

tion spectroscopic technique particularly in the detection of weak transitions [51].

Plotting the intensity of OGE signals against the wavelength values can provide

the resonance profile of the element.

It may be challenging to provide a complete set of rate equations for all the

levels and processes involved in the discharge, which makes it difficult to pro-

vide a detailed quantitative description of the opto-galvanic effect. However, a

qualitative explanation of the OGE signals is fairly straightforward.

Most refractory elements can be investigated most effectively in a hollow-

cathode discharge, where ions interacting with the cathode remove atoms off the

cathode by sputtering, making the material accessible to gas-phase optical spec-

troscopy. Opto-galvanic spectroscopy offers the simplest method for examining

these materials as they are already a part of a gas discharge.

For determining spectroscopic data, opto-galvanic spectroscopy offers a signif-

icant alternative to fluorescence or absorption studies. Absorption spectroscopy is

only possible on samples with an optical density high enough to have a detectable

absorption of the incident energy. The fluorescence studies, on the other hand,

could be used to study samples with low absorption. However, there are certain

limitations to this technique as well. Some of the limitations include:

1. If there are multiple decay channels and there is just one convenient wave-

length that can be detected.

2. If the decays primarily occur through non-radiative processes.

3. If the fluorescence is at a wavelength difficult (like deep UV) for optical

detection.

The opto-galvanic spectroscopy overcomes these difficulties and provides a

sensitive technique for studying optical transitions and determination of the tran-

sition frequencies.
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Based on the mechanism of the origin of the OGE signal, two kinds of signals

are observed in a hollow cathode lamp when resonant radiation is irradiated [52].

They are termed “slow signals” and “fast signals”.

Slow signals

The steady-state population of bonded atomic or molecular levels changes as a

result of the laser radiation being absorbed in the discharge. Even if laser photons

from a pulsed beam do not directly ionize the atoms, they still alter population

levels. A perturbation to the steady-state situation results in a net change in the

discharge current, or alternatively, a change in the discharge impedance, because

various levels have different ionization cross-sections or ionization probabilities.

The energy excess is then redistributed by the collisions, leading to slower

ionization events and, ultimately, modifying the characteristics of the discharge

in a period of time less than that elapsed between two successive laser pulses.

The measured electrical signal lasts for a few microseconds (µs) and is usually

negative.

Fast signals

When atoms or molecules are excited by a laser to higher electronic states, the

equilibrium between the electronic temperature and the atomic excitation tem-

perature is disturbed. The superelastic collisions between the laser-excited atoms

and the electrons in the discharge, however, immediately tend to re-establish the

equilibrium. In this process, a large amount of extra energy is released, which

often causes the electron temperature of the discharge to rise. Therefore, the

conductivity or impedance of the discharge increases as a result of the resonant

excitation of the atoms by the laser.

A fast electric signal is generated when a direct ionization in the discharge

is caused by the laser pulse. The fast signal has a duration in the order of

nanoseconds (ns) since it exhibits the same temporal behavior as a laser pulse.

Unlike the slow signal, the fast signal is usually positive.

4.4.3 Wavelength Scan with Slow Signal

The slow signals acquired from the silver HCL are shown in Figure 4.16. In this

case, the signals last roughly 15-20 µs. Plotting the intensity (magnitude) of

these slow signals against the wavelength gives us the resonance profile for the

corresponding transition steps.
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Figure 4.16: Slow signal acquired from the silver HCL.

4.4.3.1 Irradiating just the first transition laser

Figure 4.17: 1st transition step wavelength scan 4d105s2S1/2 → 4d105p 2Po
3/2.

Scanning range= 167 GHz.
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Figure 4.17 shows the resonance profile of the first-step transition of silver using a

laser of wavelength value 328.163 nm. The resonance exhibits a very wide profile

with a linewidth of approximately 30 GHz. Doppler broadening is not sufficient

to explain the broadness of this profile.

4.4.3.2 First transition laser and the second transition laser together

Now, keeping the first laser at the resonance wavelength of the first transition, the

second laser is added to the interaction region spatially and temporally. What it

does is, it creates a more intense slow signal when the second laser is in resonance

with the system.

Figure 4.18: 2nd transition step wavelength scan 4d105p2Po
3/2 → 4d106d

2D5/2. Scanning range=220 GHz.

Having set the first transition laser fixed at 328.163 nm, a wavelength scan

is performed with the second laser. Taking the slow signal of the first transition

laser as the reference point, the intensity (of the slow signal) versus the wave-

length of the second laser is measured. The result is plotted in Figure 4.19, which

shows a very clear resonance at 421.217 nm for the second transition. The reso-

nance profile is roughly 7 GHz wide, which could be the consequence of Doppler

broadening inside the HCL.
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4.4.4 Wavelength Scan with Fast Signal and Evidence of

High-lying Rydberg States

The fast signals, as described previously, have a temporal behavior like the laser

pulses (20 ns for the laser systems used in this experiment). Figure 4.19 shows

the acquired fast signals from the silver HCL. Unlike the slow signals which show

every resonance effect, fast signals are created as a result of direct ionization

processes only.

Figure 4.19: Fast signal acquired from the silver HCL.

Plotting the intensity of the fast signals against the laser wavelength gives

us the resonance profile around the first transition wavelength, shown in Figure

4.20. The resonance profile has a width of approximately 35 GHz.

In the silver HCL, the prominent emission line is also at 328.163 nm, which

means that there is already an abundant amount of atoms in the corresponding

excited state 4d105p 2Po
3/2. So there is a possibility that apart from the ground

state silver atoms, these excited atoms are also absorbing the laser photons. If

this is the scenario, it means that there are resonance transitions to levels with

an energy value twice the energy of a 328.163 nm photon. Another possibility is

the double absorption of the laser photons at 328.163 nm.
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Figure 4.20: 1st transition step wavelength scan 4d105s2S1/2 → 4d105p 2Po
3/2.

Scanning range=195 GHz.

Figure 4.21: Simplified resonant scheme of silver with dense Rydberg states

(purple dashed region).

As the energy of a photon at 328.163 nm is equivalent to 3.78 eV (30472.66
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cm−1), there is the possibility of the existence of levels around 7.56 eV (60945.32

cm−1). These energy levels would be then very close to the IP of silver whose

value is 7.58 eV (61106.45 cm−1). Such energy levels are termed as Rydberg

states.

As the fast signals are observed just with the one laser at 328.163 nm, it means

that silver ions are created in the HCL. This is possible as the Rydberg states are

highly affected by the electric field around the cathode. Once the electrons are

populated in the Rydberg states, they can cross the IP with thermal/electrical

excitation inside the HCL.

The results discussed in Section 4.4 have been presented in 6th International

Conference Frontiers in Diagnostic Technologies and published as a proceeding

with JINST [53].

The dye laser used in this experiment had a linewidth of around 3 GHz. Using

lasers of finer linewidth should allow us to distinguish these Rydberg states.
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Chapter 5

SPES Laser Ion Source test at

Offline 2-ISOLDE, CERN

5.1 Hot Cavity RILIS

A very efficient and widely implemented use of laser ion sources is a hot cavity

RILIS, pioneered at PNPI Gatchina and CERN [54, 55]. This type of ion sources

is particularly attractive because it combines the intrinsic elemental selectivity

of resonance laser ionization, high ion production efficiency (typically >10%),

as well as robustness of construction required for production of radioactive ion

beams at ISOL facilities [22, 30, 55, 56, 57].

In this technique, typically, pulsed laser beams are overlapped in time and in

space along the axis of the hot cavity of a tubular surface ion source. A “thermal

plasma” is formed in the hot cavity as a result of the presence of ionized atoms

and the thermionically emitted electrons from the heated walls. This plasma has

a negative potential with respect to the wall of the cavity and thus confines the

ions inside the volume of the hot cavity [18, 58].

In section 3.2.1, the calculation of surface ionization efficiency from a hot

surface is discussed. However, in a hot cavity, the observed surface ionization

efficiency is much higher than the values calculated using Equations 3.25 and

3.26.

This is due to the multiple atom-wall collisions in the hot cavity which provides

a larger chance for the atoms to be ionized. Once the ions are formed, they

are trapped by the thermal plasma and therefore protected until the point of

extraction. This is an effect of the hot cavity. This enhancement in the ionization

efficiency value is interpreted in terms of an amplification factor N [18], which

in turn consists of the mean number of wall collisions and effective ion survival

65
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factor. Therefore, for a hot cavity the effective ionization efficiency value βc can

be calculated as,

αc = α ·N (5.1)

βc =
αc

1 + αc

=
α ·N

1 + α ·N =
β ·N

1− β(1−N)
(5.2)

The electron density nes along the walls, which induces the negative potential

for ion confinement in the volume of the cavity, is expressed by the Richardson

equation:

nes = 2

(

2πmkBT

h2

)3/2

exp

( −ϕ
kBT

)

(5.3)

From Equations 5.1, 5.2 and 5.3, it can be clearly deduced that a cavity

material of lower work function ϕ will provide lower surface ionization and, at the

same time, better ion confinement at a given temperature compared to materials

of higher ϕ due to the increased thermionic emission of electrons. Materials of

lower work function are, hence, favorable for higher performance of hot cavity

RILIS [59], provided sufficient robustness at desired operation temperatures.

The SPES laser ion source is made of tantalum which has a lower work function

value of 4.28 eV, compared to other materials such as tungsten (4.54 eV) and

rhenium (4.96 eV), which can also operate at high temperatures above 2000 K

and are typically used for surface ion sources. The work function values are taken

from [60].

SPES Laser Ion Source (SPES-LIS)

As with most hot cavity laser ion sources, the SPES-LIS also works by intro-

ducing frequency-tuned laser beams into the volume of the ion source from the

ion extraction side. The SPES-LIS is based on the surface ion source reported

in [61]. It is a 33 mm long tubular hot cavity made of tantalum, with an inter-

nal diameter of 3.1 mm and an external diameter of 5.1 mm. The ion source is

connected to the transfer line, whose other end is connected to the production

target. The transfer line is a tantalum tube, approximately 70 mm long, and has

an internal diameter and external diameter of 8 mm and 8.8 mm, respectively.

For this offline test, no target container was present and the atom samples were

introduced at the beginning of the transfer line via two independent resistively

heated tantalum capillaries.
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Figure 5.1: The SPES Laser Ion Source, the transfer line, and the hot-cavity

alignment system.

An important feature of the SPES-LIS is the “hot-cavity alignment system”.

It is a circular graphite frame around the junction point of the ion source and

the transfer line. It has four centering pins, made of tungsten, ensuring an axial

alignment of the hot cavity as shown in Figure 5.1.

This alignment system helps in mitigating the effects of thermal expansion.

Having the hot cavity and the transfer line aligned in this way is expected to

positively influence the laser ion production by maintaining a mechanically stable

laser-atom-interaction volume. In the absence of such a system, the interaction

volume could be reduced if there is a tilting of the ion source or the transfer line

due to thermal deformation.

5.2 Experimental Set-up

The experiment was performed at the ISOLDE Offline 2 facility [62, 63, 64] in

CERN, Geneva. A simplified schematic representation of the experiment is shown

in Figure 5.2. The hot cavity laser ion source was installed on a high-voltage

platform at a potential of 30 kV. The collimated laser beams entered the beamline

under vacuum through a quartz window in the vacuum chamber of the mass-

separator dipole magnet. An electrically controlled shutter is placed in front of

the window to facilitate the blocking and unblocking of the laser beams during
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the experiment.

Figure 5.2: Schematic representation of the laser system, the laser ion source

and the mass-separator, and the MagneTOFTM detector used for time-

structure measurement.

For laser enhancement and ionization efficiency measurements, a Faraday cup

is used in place of the MagneTOFTM .

The laser beams were focused through the extraction electrode orifice into the

ion source. The ions generated in the ion source are extracted anti-collinearly

with respect to the laser beam. The singly charged ions are accelerated to 30

keV in a 90-degree field sector dipole magnet. The isotope-purified beam after

the magnet is directed either to a MagneTOFTM detector [65] or a Faraday Cup,

depending on the measurement which is being conducted.

An additional Faraday Cup is available before the mass separator magnet, in

order to read the total ion current from the ion source in the “laser off” condition.
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5.2.1 Modes of Measurements

In order to characterize the laser ion source, three different kinds of measurements

were performed: ion beam time structure, laser enhancement of ion yield, and

ionization efficiency.

Time Structure Profiles

The lasers utilized for resonance ionization are typically pulsed at repetition rates

of 10 kHz, with pulse lengths in the tens of ns range. This rate ensures that each

atom interacts with at least one laser pulse during the time it resides inside the

cavity. It is considered to be a good compromise between achieving enough pulse

energy to saturate atomic transitions and the number of laser-atom interactions

for a typically achievable value of average power. The simultaneous creation of

ions all along the ion source volume by a laser pulse leads to a periodic modulation

of the extracted ion beam, governed by the source-internal extraction mechanisms.

Therefore, the resulting time structure of the ion beam can give information about

the ion source environment.

To obtain such time structures, a MagneTOFTM detector in single ion count-

ing mode is used to investigate the isotope beam after mass separation. The

readout is synchronized with the trigger of the laser pulses. The single ion counts

on the detector were used to create a histogram of ion arrival times with respect to

the trigger of the laser pulses, as registered by a Cronologic TimeTagger4 acqui-

sition module, described in [63]. To avoid time-overlap of the extracted bunches,

a laser repetition rate of 5 kHz was employed, thus the temporal window for each

profile is 200 µs. Multiple hundred thousand laser pulses and the produced ions

are registered to obtain an averaged time structure for each operational setting

of the ion source.

Laser Enhancement Ratios

For a hot cavity laser ion source, the production of ions through surface ionization

is unavoidable. The ratio of the ions produced by the laser interaction (laser ions)

compared to the ones produced by the surface ionization (surface ions) determines

the selectivity of the laser ion source.

During these measurements, the isotope-specific (mass-separated) ion current

value is recorded with the ionizing laser beams sent into the ion source cavity

and repeated after blocking the lasers. The ratio of the former to the latter gives

the laser enhancement ratio (LER). For these measurements, a Faraday Cup is
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introduced just in front of the MagneTOFTM detector to read the instantaneous

isotopic ion current.

Ionization Efficiency

The measurements of ionization efficiency were performed using the procedure

described in the following sections. A calibrated sample of a precisely known

quantity of atoms is used to inject the atoms gradually into the ion source, while

the ionization process is running, and produced ion current is continuously mea-

sured until the total exhaustion of the sample. At the end of the measurement,

the total number of detected ions is deduced from the time-integration of the ion

current measurements. The ratio of this number to the initial number of atoms

in the sample gives the ionization efficiency value.

It is important to note that, for laser ion sources, the efficiency depends on a

variety of factors: sample volatilization and atomization, the employed ionization

scheme, the extraction, transport, and detection efficiency. All of these factors can

independently change, giving rise to overall efficiency differences when employing

the same laser ionization scheme at different mass separator facilities.

5.2.2 Sample Preparation

The samples were introduced into capillaries made from tantalum. By attaching

these capillaries to the back of the transfer line and gradually heating them, a

supply of neutrals into the ion source is ensured.

Gallium (Ga) has two stable isotopes: 69Ga and 71Ga with natural abundances

of 60.11% and 39.89%, respectively. A solution of gallium in 5% HNO3/tr. HCl,

of known concentration (1 µg of Ga/µL), was used to produce the Ga sample

used for the measurement. Assuming 100% conversion to singly-charged ions,

1 µg of Ga atoms would correspond to the total charge of 380 nAh in both

isotopes. The original solution of 1 µg of Ga/µL was diluted 100 times giving

a new concentration of 0.01 µg of Ga/µL. A single drop (of 10 µL) would now

contain 38 nAh of Ga. For efficiency tests, gallium samples of 76 nAh and 114

nAh were used, which correspond to 20 µL and 30 µL, respectively, of the final

diluted solution.

Drops of the solution were put on a small piece of tantalum foil and left to

dry. Once the solution was dried completely, the foil was folded and inserted into

the narrow capillary of the sample reservoir. After the sample was inserted (just

a few mm into the capillary), the capillary was tightly squeezed on one end and

the other end was connected to the transfer line. Gradual heating of the tantalum
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capillary leads to evaporation of the gallium sample and release of the gallium

atoms into the ion source via effusion. The flux of atoms was regulated by the

heating current using a dedicated power supply.

For the laser enhancement and time structure measurements, excess gallium

samples (roughly 7600 nAh) were used. In this case, around 20 µL of the original

concentration of the solution was used.

It is essential to understand how the laser ion confinement and the selectivity

are affected by the presence of other ions (impurities) [58, 18]. For this purpose,

an additional sample of barium (Ba) was attached to the transfer line. As barium

is efficiently surface-ionized at high temperatures, it can be used to independently

manipulate the ion load in the ion source.

5.2.3 Photo-Ionization Scheme of Gallium and the Laser

System

The photo-ionization scheme used during this experiment in order to laser ionize

the gallium atoms [66] is shown in Figure 5.3.

Figure 5.3: Photo-ionization scheme of gallium used for ionization from the

atomic ground state. The dotted line indicates the first thermally excited

state.

To produce the wavelengths required for the indicated scheme, titanium:sapphire

(Ti:Sa) laser [67] was used and the generated fundamental light was subsequently

frequency tripled to 287.422 nm. For non-resonant excitation into the continuum,

a single mode frequency-doubled Edgewave PX200-2-GF-SLM laser (for the 532

nm) was used.
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The Ti:Sa laser was pumped with a frequency-doubled Nd:YAG laser Photon-

ics DM60 operated at a power of 11-11.5 W. A HighFinesse/Angstrom WS6-600

wavelength meter was used to continuously monitor the fundamental wavelength

of the output of the Ti:Sa laser. The Ti:Sa laser was tuned to produce a funda-

mental IR laser output at 11593.89 cm−1 (862.264 nm). The output fundamental

beam was sent to the frequency tripling unit where the desired, resonant laser

beam at 34781.66 cm−1 (287.422 nm) was generated. After passing through a

telescope of cylindrical lenses, the beam was sent to the ion source. The power of

the UV beam was maintained at around 100 mW before the vacuum entrance win-

dow of the mass separator, which is sufficient for the saturation of the electronic

transition.

The power of the green beam applied for the non-resonant step was around 20

W at the vacuum entrance window, except during the time structure measurement

where power was reduced to limit the number of ions produced to stay within the

safe operation regime of the detector. The green laser beam was sent to the ion

source after passing through a telescope of spherical lenses. The delay of the green

laser pulses with respect to the UV laser pulses was electronically adjustable and

optimized according to the ion-current readout.

5.3 Measurement Sessions and Results

5.3.1 Thermal-Electrical Characterization

Before the SPES ion source system was mounted on the front-end high-voltage

platform, calibration of the ion source temperature with respect to the heating

current was performed. The ion source heating was obtained by applying a DC

current from the beginning of the transfer line (where neutrals are injected, see

Figure 5.1) up to the exit of the hot cavity.

Figure 5.4 shows the various calibration cycles performed and the temperature

reading from an inner point of the ion source against the heating current. A

filament pyrometer, aligned close to the mid-point of the hot cavity, was used

to take the temperature readings. The ion source showed a very reproducible

thermal behavior during the heating and cooling cycles of the measurement.



Measurement Sessions and Results 73

Figure 5.4: Experimental temperatures close to the mid-point of the hot-

cavity and comparison to the Finite Element (FE) Model results, at different

applied heating currents.

Figure 5.5: The electric potential difference values detected at the power

supply and comparison to the Finite Element (FE) Model results, at different

applied heating current.

For the same cycles of thermal calibration performed, the Electric potential

difference values detected at the power supply were also noted, shown in Figure
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5.5. In the conventional use of the ion sources, the polarity is applied in such

a way that the beginning of the transfer line is maintained at a higher voltage

potential and it gradually drops towards the exit of the hot cavity. This provides

an axial field that favors the drifting of the ions, inside the ion source, towards

the exit for extraction [55, 68, 69, 70].

Both in Figure 5.4 and 5.5, the measured values are higher than the values

obtained from the Finite Element (FE) Model, developed and presented in [61].

This is explained by the fact that in the FE model, the simulations were performed

considering an ideal contact between the surfaces. The temperature distribution

and the potential gradient along the whole length of the transfer line and the hot

cavity for the SPES ion source at different heating currents have been studied

before and can be found in [61].

5.3.2 Time Structure of Gallium Ions

Figure 5.6: Time structures of 71Ga ions at different ion source (IS) heating

currents (temperatures). Temperatures 2200°C, 2050°C, 1940°C and 1800°C

indicated in red, blue, green, and black respectively. Dotted lines indicate

the centroids of the second peaks at different temperatures.

For ion beam time structure measurements, the separation magnet was tuned

to the gallium isotope of mass 71 u. As described in Section 5.2.1, the ion beam

of 71Ga+ was directed onto a MagneTOFTM detector. The average ion current

was kept below 500 fA (corresponding to around 300,000 ions per second) as the

detector was used in single ion counting mode. The power of the green laser



Measurement Sessions and Results 75

beam was reduced to around 10-20 mW, just enough to produce laser ions whilst

staying below the safety limit of the operation mode of the detector.

The time structure measurements were performed for different ion source tem-

peratures at 2200°C, 2050°C, 1940°C, and 1800°C, as shown in Figure 5.6. In all

the time profiles, t=0 is given by the trigger of the laser pulse. Three main peaks

are observed: first around 18 µs, second between 45-55 µs, and third between

70-85 µs.

The first peak is the pre-bunch of ions that are formed in the outermost part

of the ion source, and extracted almost immediately by the penetrating extraction

field. This region is indicated as “1” in Figure 5.7 and typically extends inwards

by exactly the same value as the opening diameter of the ion source. This “fast

extraction” peak was also observed and discussed in several RILIS studies [68, 70].

Figure 5.7: Different sections of the ion source assembly in relation to the ion

bunches produced. Region 1 indicates the outermost part of the ion source

which is penetrated by the extraction field. Regions 2 and 3 indicate the hot

cavity and the transfer line, respectively.

The second bunch originates from the hot cavity of the ion source, indicated

as region 2 in Figure 5.7. The third bunch is from the transfer line (region

3) connecting the hot cavity to the atom source (sample holder capillary in this

particular case). It is clear that a large proportion of the extracted ions originates

from the transfer line. This means the confining thermal plasma is present not

only in the hot cavity but also in the transfer line.

Axial electric field and movement of the ions

Looking at the profiles at different temperatures, it can be clearly observed that

apart from the first pre-bunch, all the other bunches are shifted in time. Consid-

ering just the second peak for simplicity, the centroids of the peaks at different

temperatures are indicated with the dotted lines of the corresponding color in

Figure 5.6. It is evident that the ions travel faster to the extraction zone (exit of

the ion source) at higher temperatures. This effect can be explained simply by
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the higher voltage gradient at higher temperatures, promoting a faster movement

of the ions along the length of the ion source and transfer line volumes.

Figure 5.8: FEM simulation of the axial electric field along the length of the

ion source (IS) at different heating currents (temperatures). Temperatures

2200°C, 2050°C, 1940°C and 1800°C indicated in red, blue, green, and black

respectively.

If the axial electric field is responsible for the movement of the ions inside

the ion source, we should be able to track the origin of the second bunch in

the time structure back to the hot cavity, taking into account the acceleration

acting on the ions by the axial field. A FEM simulation of the axial electric field

for different heating currents (temperature) is shown in Figure 5.8. The axial

electric field Ex has an increasing trend at the very beginning of the transfer line.

It soon maintains a relatively constant value for the major part of the transfer

line length, until it exhibits a sudden drop where the transfer line is connected to

the hot cavity, due to a sudden increase in the cross-section which decreases the

electrical resistance by a large factor. In the hot cavity, the axial field regains an

almost constant value.

The electric field shows a slightly higher value in the transfer line compared

to the hot cavity. This is due to the fact that the transfer line is thinner and has

an effective cross-section of 10.6 mm2 while the value in the hot cavity is 12.9

mm2.

As it is known that the pre-bunch originates from the outermost part (close

to the exit) of the ion source, this point can be used as a reference point for our
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calculations. The idea is to calculate the distance the ions would travel under

the influence of the axial electric field during the time interval between the first

pre-bunch and the peak of the second bunch.

The acceleration a experienced by the ions with charge q and mass m in the

axial electric field Ex is given by

a =
qEx

m
(5.4)

Two main approximations are used for the calculations:

1. Initial ion velocities (thermal) are considered to be zero, as they have an

isotropic distribution in all directions.

2. As the value of the axial field Ex has a very low variance in the hot cavity

at a given temperature, a mean value of Ex is assigned for the hot cavity.

If T1 is the temporal position of the pre-bunch and T2 is the position of the

second bunch in the time structure, T21 indicates the time gap between them.

Assuming zero initial velocity, the distance that the ions would have traveled

during this time is given by,

L21 =
1

2
aT 2

21 (5.5)

The deepest point inside the ion source that the extraction field of 30 kV

can penetrate is 3.1 mm from the exit of the ion source. It corresponds to the

pre-bunch at time T1 and a value of L10 = 3.1 mm can be assigned to this point.

To find the origin of the second bunch of ions relative to the exit of the ion

source, the value L20 can be simply evaluated as,

L20 = L21 + L10 (5.6)

Table 5.1 shows the computed values of L20 (on the rightmost column) for

different ion source temperatures. All the values of L20 are in agreement with the

fact of the peak of the second bunch of ions originating from the mid-section of

the hot cavity, whose total length is 33 mm. These values have been calculated

by using the acceleration of the ions provided by just the axial electrical field, see

Equation 5.4. This shows that the axial field across the ion source plays a very

critical role for the forces experienced by the ions drifting along the central axis

of the source.

For the ion source at temperature 2050°C (blue), a few smaller peaks start

to appear after 100 µs (after the third main bunch). At 2200°C (red), two small

peaks appear around 122 µs and 147 µs, along with a much more prominent peak
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appearing at around 167 µs. These could be indications of slower ions formed

deeper and at the very beginning of the transfer line. As seen from Figure 5.8,

the axial electric field at the beginning of the transfer line is lower compared to the

rest of the transfer line. This lower axial field should essentially cause relatively

slower movement of the ions originating here. As the design of this ion source has

an angular bend at the beginning of the transfer line, it could possibly hint that

the ions formed in this zone, undergo velocity change continuously to find the main

axis of the ion source. Further detailed ion trajectory simulation investigations are

foreseen in future work to complement this semi-quantitative approach presented

here, also with a special scope on ion confinement characteristics.

5.3.3 Laser Enhancement Ratio

Enhancement of the ion yield due to the laser effect was measured. For that, a

Faraday Cup is inserted in front of the MagneTOFTM detector. The separation

magnet was tuned to the gallium mass of 69 u for slightly better statistics as

the natural abundance of 69Ga is higher compared to 71Ga. The lasers were set

at a 10 kHz repetition rate, the working condition in the online production of

isotopes. As the atoms or the species have an effusion time in the order of 100

µs, a repetition rate of 10 kHz provides a condition in which we expect that all

atoms will encounter at least one laser pulse during their effusion through the hot

cavity.

Dependence on the power of the non-resonant step

The cross-section of a non-resonant transition step is, generally, two to four orders

of magnitude lower than that of a resonant transition. With the typically available

pulse energy (1-4 mJ) used for such transitions, saturation is not expected to be

reached and the ionization efficiency is directly proportional to the laser power

available for the non-resonant ionization step.

At the ion source temperature of 2200°C, the laser enhancement ratio was

measured for various power of the green laser used for the non-resonant ioniza-

tion, keeping the power of the UV fixed around 100 mW. The obtained values

are plotted against the laser power, as shown in Figure 5.9. The measurement

indicates that the non-resonant step is saturated at only 1 mJ (10 W). This is

inconsistent with the typically observed behavior at the ISOLDE RILIS where

this ionization scheme is regularly used. In this case, we suspect that a power-

dependent thermal lensing effect is occurring. Beyond 10 W, local heating of

the vacuum entrance window is causing a defocusing of the green beam at the
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Figure 5.9: Laser enhancement ratio at different power of the non-resonant

green laser (532 nm) and fixed UV power of 100 mW, at an ion source tem-

perature of 2200°C.

position of the ion source, resulting in a reduced power delivery efficiency.

Nevertheless, from this measurement, it could be safely inferred that we could

operate the green laser with around 20 W of power without losing efficiency in

the current setup.

Dependence on the ion source temperature and the total ion current

To understand the selectivity of the laser ion source at different ion source tem-

peratures and different total ion currents (ion load), laser enhancement ratios

(LERs) were measured for various combinations of the mentioned parameters,

shown in Figure 5.10. As indicated in Section 5.2.2, surface ionized barium was

used to regulate the ion load in the ion source. The total extracted ion beam

before mass separation serves as a measure for this quantity. During this mea-

surement, the power of the UV and the green laser were maintained at 100 mW

and 20 W, respectively.

As can be seen from Figure 5.10, the LER values remain nearly constant for

the ion source temperature at 2200°C. The values vary in the small range of 52.0-

57.5 up to an ion load of 1.1 µA. At 1800°C and 2050°C, the LER values show a

declining trend as the total ion current increases, hinting at an effective decline

of the laser ion confinement at these temperatures. At 1800°C, the LER value

starts off with a high value of 480 at a total ion current of 80 pA and declines
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Figure 5.10: Laser enhancement ratio (LER) at different ion source temper-

atures and total ion current. The ion source temperatures 1800°C, 2050°C,

and 2200°C are indicated in black, blue, and red curves, respectively.

quickly until a value of 204 at an ion current of 57 nA. Also in the case of 2050°C,

the LER values decline from a starting value of 137 to a value of 87 while varying

the total ion current from 660 pA to 315 nA.

The relative surface ionization efficiency values at different temperatures for

ionization of gallium ( Wi = 6 eV) with tantalum (ϕ = 4.28 eV) ion source could

be calculated using Equations 3.25 and 3.26.

β2200 : β2050 : β1800 ≃ 1 : 0.6 : 0.2 ≃ 5 : 3 : 1 (5.7)

The ratio provided above is for single atom-wall collision and serves to ex-

plain qualitatively the dropping LERs with increasing ion source temperatures.

In practice, the amplification factor N at different temperatures needs to be con-

sidered as well since the effective ion survival factor also increases with the rise

in ion source temperature.

At the ion source temperatures of 1800°C and 2050°C, a declining trend in the

value of LER is observed as the ion load is increased. This can be attributed to

the temperature dependence of the thermionic electron density in the hot cavity

(Equation 5.3). It follows therefore that, at higher temperatures, the cavity ion

capacity (the ion density at which the confining potential for ions is compromised),

is greater.

At 2200°C, the nominal working temperature of the SPES ion source, and the

maximum proton beam intensity (200 µA) on the UCx target, the total surface
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ion current is expected to be around 200 nA. From Figure 5.10, it can be clearly

confirmed that the selectivity of the laser ion source is not affected up to a total

ion current of 1.1 µA, a value much higher than the expected maximum total ion

current.

5.3.4 Ionization Efficiency Measurements

In this section, we report one measurement of surface ionization efficiency and

three measurements of laser ionization efficiency, performed at an ion source tem-

perature of 2200°C and ion load conditions up to 110 nA of the total beam, see

Table 5.2.

Surface ionization efficiency

The surface ionization efficiency measurement was conducted with a sample size

of 76 nAh and resulted in a value of 0.49% efficiency.

The theoretical surface ionization efficiency value for single atom-wall inter-

action can be calculated using Equation 3.25 and 3.26. At T = 2200°C, the value

of β of gallium (Qi/Qo = 0.22, Wi = 6 eV) with tantalum (ϕ = 4.28 eV) as

ionizer material is calculated to be 0.007%. From the measurement, we find that

the surface ionization efficiency value is βc = 0.49%, indicating an amplification

factor of N = 70.3 (see Equation 5.2).

This measurement was done, also, to serve as a reference point to possibly

co-relate the laser enhancement ratios and the laser ionization efficiency values.

Laser ionization efficiency

For the laser efficiency measurements, the laser powers used were: 100 mW (UV)

and 20 W (green). The first two measurements were performed with sample sizes

of 76 nAh and maintaining the isotope current of 69Ga around 4-5 nA. The third

one was performed with a sample size of 114 nAh and an isotope current of around

7-8 nA. From the tests, it can be deduced that, under ideal conditions in terms

of ion load, the SPES laser ion source can provide a laser efficiency of around

27.2% using the indicated gallium scheme, laser powers, and 2200°C ion source

temperature.

A number of laser enhancement ratios (LERs) were also measured during all

these efficiency tests by turning the laser on/off for just a few seconds (see Table

A.1). The mean value of the LERs is around 55.5. It is quite evident that if the

surface ionization efficiency value of 0.49% is multiplied by the obtained mean
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Table 5.2: Measured ionization efficiency values of gallium at ion source tem-

perature 2200°C

Test no. Type Efficiency(%) Mean Efficiency(%)

1 Surface 0.49 ±0.04 0.49 ±0.04

2 Laser 27.66 ±2.07

3 Laser 27.64 ±2.07 27.18 ±1.18

4 Laser 26.23 ±1.97

LER value of 55.5, we get a value of 27.2% which is very close to our obtained

laser ionization efficiency value of 27.18%.

It must be noted that, at 2200°C, the zero level state 3d104s24p 2P°1/2 is

only 45% populated assuming the Boltzmann distribution and the rest i.e. 55%

population is in the state 3d104s24p 2P°3/2 (826.19 cm−1). In the gallium-scheme

used in this experiment, a first step transition at 287.42 nm, between the zero

level state 2P°1/2 and first excited state 4s24d 2D3/2, is used. If an additional laser

at 294.36 nm is available, it is possible to make transitions to the neighboring

excited state 2D5/2 (34787.85 cm−1) from the state 2P°3/2. As the second step is a

non-resonant step, the green laser will promote the electrons into the continuum

regardless of whether it finds the electrons in 2D3/2 or 2D5/2 state after the first

resonant excitation. In this case, the laser ionization efficiency could be almost

doubled, according to [71].

5.4 Discussion

The SPES laser ion source cavity has been characterized in terms of ion beam time

structure, ion throughput for different operating temperatures, and ionization

efficiency at 2200°C for the ionization of gallium atoms. The surface ionization

efficiency and time structure measurements indicate that the transfer line plays

an important role in the overall laser and surface ion production. At the nominal

operating temperature of 2200°C, the cavity ion throughput (the ion rate at which

no loss of laser ion performance is observed) exceeds 1 µA, an order of magnitude

greater than has been measured for the standard ISOLDE RILIS cavity which

has a passively heated transfer line without an axial extraction voltage gradient.

It is also observed that the ions are confined not only in the hot cavity but

also in the transfer line, with a large fraction of the extracted ions originating

inside the transfer line. It means that the confining plasma must also be present
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in the transfer line.

The axial electrical field has been demonstrated to provide the drifting accel-

eration of the ions along the length of the ion source. This aspect is important

for the transport of the positive ions in the direction of the ion source extraction.

The laser enhancement ratios (LERs) are found to be almost independent of

the total ion load at an ion source temperature of 2200°C. This reflects a very

stable laser ion confinement due to excess thermionic electrons created at this

temperature and hints at maintaining also constant laser ion source efficiency

in this regime. At ion source temperatures of 2050°C and 1800°C, the general

behavior of LERs dropping with the increase in the ion load is observed.

A laser ionization efficiency of 27.2% is reported for gallium using a resonant

287.42 nm (100 mW) and a non-resonant 532 nm (20 W). Use of an additional

laser beam at 294.36 nm would allow us to potentially further increase the ion-

ization efficiency by 20-30%, by accessing electrons in the thermally populated

state 3d104s24p 2P°3/2.

The SPES ion source has undergone several heating and cooling cycles dur-

ing the calibration phase and during the measurement sessions, including power

supply failures. The ion source continues to demonstrate very stable behavior,

exhibiting very high thermal robustness. The ion source is also now validated for

use at SPES for high-power targets where the steady-state ion rate is expected

to be 200 nA.

The work has been submitted for publication to Nuclear Instr. and Methods in

Physics Research Sec. B in July 2023 and is currently under review.



Chapter 6

New TOF-MS Assembly in the

Online Laser Lab

6.1 New TOF-MS Assembly

In the SPES online laser lab, described in [1], three Ti:Sa laser systems are already

installed and functional. A new time of flight mass spectrometer (TOF-MS) has

been designed and assembled in the online laser lab. The purpose of this TOF-

MS is to facilitate additional scheme development of different elements while the

lasers are not in use for online RIB production and, also to be able to perform

laser spectroscopy with a resolution higher than the one which can be achieved

in the offline laser lab.

A detailed sketch of the online laser lab is shown in Figure 6.1. Three optic

tables are placed inside the laser lab. Two Ti:Sa lasers coupled with harmonic

generation units are placed on optic table 1. Optic table 2 supports a Ti:Sa cavity

without a harmonic generation unit. All these Ti:Sa cavities are independently

pumped with Ascend pump lasers from Spectra Physics, as described in Section

2.2.2. The Ti:Sa systems can provide laser beams of finer linewidth up to 1 GHz

(see Table 2.1) compared to the dye laser systems in the offline laser lab which

has linewidth in the range of 2-4 GHz. The new TOF-MS is placed in front of

the optic table 3 which is kept free for other related experiments or activities.

85
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Figure 6.1: A sketch of the position of new TOF-MS in the online laser lab.

All the dimensions are in meters. R.C. stands for reaction chamber, M.C.P.

for the multi-channel plate detector and P.S. stands for power supply. The

position of the three TiSa lasers and their intended optical beam paths are

indicated. The grey region between optic tables 2 and 3 is dedicated to

sending down laser beams through the hole for the online production of ion

beams.

Figure 6.2: The assembled new TOF in the online laser lab at SPES facility.
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The completely assembled new TOF-MS is shown in Figure 6.2. The reaction

chamber is made of stainless steel and is spherical in shape with a diameter of

400 cm. It has several holes and cylindrical extensions placed in precise angles

for specific purposes. These parts are labeled and explained in Table 6.1. Inside

the chamber, an electrostatic ion optic system is placed for the extraction of ions

created in the chamber. The reaction chamber is connected to a tube of length

1.5 meters for the flight of the extracted ions. A MCP detector is connected to

the end of this tube to detect the ions.

Table 6.1: Description of the labeled parts in the TOF-MS. X’ indicates a

part placed on the exact opposite side of the sphere w.r.t. the position of X.

Label Description

1 Entrance window of the ablation laser

2 View port/ Entrance window for orthogonal injection of laser

beam relative to the atomic vapor from the effusion cell

3 Same as “2”

4 View port

4’ Effusion cell

5 Flange for the dis-mountable ion optic system

6 Control of the “laser screen”

7 Exit of the excitation laser(s)

7’ Principal entrance of the excitation laser(s)

8 Ablation target system

9 Two vacuum gauges of different ranges

(> 10−3 mbar and < 10−3 mbar)

10 Ion flight tube

11 Same as “9”

12 MCP detector

6.2 CAD model of the new TOF-MS

The sectioned views of the CAD model of the TOF-MS are shown in Figure

6.3 and 6.4. The first represents the view with a vertical section plane passing

through the axis of the system, while the second represents the view with a

horizontal section plane.

In both the sectioned views, a series of four parallel plates/grids are seen

attached to two white Macor® ceramics tubes along the axis of the system. These
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components: repeller, extractor, lens and zero grid (connected to zero potential),

are the main parts of the ToF electrostatic ion optic system. This system extracts

ions formed by the laser(s) in the center of the ToF reaction chamber. The center

of the spherical chamber is, by design, aligned in the mid-point between the

repeller and the extractor. It is discussed in detail in Section 6.4.

6.3 Atomic Beam Unit

Two sources of atomic beam/vapor are present in the system. The first is an ab-

lation target system which will produce an atomic vapor in the vertical direction,

orthogonal to the axis of ion extraction. The second source is an effusion cell

which is aligned 45° with respect to the axis of ablation and also, orthogonal to

the ion extraction axis.

6.3.1 Ablation target system

When a solid target is hit by a powerful, focused laser beam, a hot atomic plume

can be produced. This plume is produced orthogonal to the surface of contact on

the solid target.

In our reaction chamber, a homemade ablation target system will be placed

through the port “8”, as shown in Figure 6.5. Three different target materials

can be loaded in the three vertical chimneys indicated by the red arrows. The

solid target materials will be placed at the bottom of the chimneys which have

an axial hole for passing the focused ablation laser coming through the entrance

window “1” and eventually providing a path for the release of the atomic vapor

in the vertically upward direction.

Figure 6.5: Ablation target system with three possibilities of loading three

different elements. It is placed inside the chamber through port 8.

The size and shape of the target material and placement inside the target

holder/chimney are shown in Figure 4.6 and 4.7. The nominal size of the target
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is around 5 mm in diameter and 1 mm thick.

6.3.2 Effusion cell

Figure 6.6: Effusion cell WEZ40-5-16-D16-standard, to be connected through

port 4’ of the reaction chamber. The right end has an opening through which

the crucible is placed inside the Ta heater.

The effusion cell has been purchased from MBE Componenten. The cell is a

standard WEZ40-5-16-D16 model, as shown in Figure 6.6. Main specifications

about the effusion cell are listed below:

• Mounting flange DN40CF (Outer diameter 2.75”)

• 5 cc crucible

• Ta-wire filament (standard)

• Type C WRe 5/26% thermocouple

• Maximum temperature 1400 °C (outgassing 1500°C)

• Electrical parameter: 150W/9A

• Dimensions under UHV: Outer diameter 16mm, length 280 mm

The effusion cell is inserted into the reaction chamber with the orifice of the

crucible pointing towards the center of the sphere. A bellow (the yellow part),

shown in Figure 6.7, is used to regulate the angular and longitudinal position of

the effusion cell with respect to the center of the system. This regulation is es-

sential as the density of the atomic jet coming out from the effusion cell decreases

with the distance, and so the distance of the orifice needs to be experimentally

optimized for a good TOF signal. At the same time, the orifice cannot be placed
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very close to the center of the sphere because it could interfere with the electro-

static field between the electrodes of the ion optic system, especially between the

repeller and the extractor.

Figure 6.7: Sectioned CAD view of the effusion cell. The yellow component

represents the bellow which is used for the regulation of the orientation and

the position of the effusion cell inside the chamber.

Figure 6.8: Inner view of the

heater with Ta filaments

Figure 6.9: Ta crucible with

collimated beam insert

Figure 6.8 provides a better view of the inside of the tantalum heater filaments.

The tantalum crucible, shown in Figure 6.9, can be filled with the element or

compound of interest, in the form of powder or small pieces. The crucible is

then placed inside the tantalum heater, which once heated releases vapour of the

element or the compound present in the crucible.

To perform an initial calibration of the heating of the effusion cell, the heating

cycle was performed without the tantalum crucible placed inside the heater. Fig-
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ure 6.10 shows the heated glowing tantalum filaments as seen from the viewport

“4”.

Figure 6.10: Heating of the effusion cell without the crucible. 4 is a view

port, 4’ is the port of the effusion cell, and R and E represent the repeller

and the extractor grid of the ion optic system.

Table 6.2 presents the calibration data of the heating of the effusion cell per-

formed with different DC voltage applied. A maximum voltage of 25 V can be

applied to the cell and it should raise the temperature of the heater to 1350-

1400°C. However, for the initial tests we operate it below 1000°C.

Table 6.2: Calibration of the effusion cell heating

Voltage (V) Current (A) Temperature (°C)

3.0 1.48 273.8

6.0 2.29 546.2

9.0 2.95 717.6

10.0 3.16 770.6

12.0 3.55 864.6

15.0 4.16 986.5

One of the biggest limitations to high-resolution spectroscopy is the Doppler

broadening, which arises due to the velocity distribution of the atoms along the

direction of the excitation laser. To avoid the Doppler contribution, a special

insert is placed inside the crucible to provide a collimated beam from the effusion

cell. The specifications of this collimated beam insert are:
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• Length 105 mm

• Diameter 10 mm

• Tube 90 mm × hole 2.5 mm

6.4 Dis-mountable Ion Optics System

The ions formed at the center of the reaction chamber by the laser-atom inter-

action need to be extracted and directed towards the detector. An electrostatic

ion optic system, shown in Figure 6.11 , is placed inside the reaction chamber for

this purpose. By design, the mid-point between the repeller R and the extractor

E is aligned to the center of the reaction chamber. The whole ion optic system is

built on a common Macor® support and is attached to one flange, which will be

connected to the port “5” of the reaction chamber.

The fact that the whole system can be dismounted provides the convenience

of making fixes or changes to the position of the electrodes, by taking it out of

the reaction chamber.

Figure 6.11: Fully dis-mountable ion optics system. R, E, L, and Z represents

the repeller, the extractor grid, a circular electrostatic lens, and the zero grid,

respectively. It is placed inside the reaction chamber through port 5.

The nominal voltages that will be applied to the individual electrodes, the

dimensions, and the positions of the electrodes with respect to the center of the

reaction chamber are provided in Table 6.3. The SIMION® simulation for the

flight of samarium ions in the TOF-MS with the indicated parameters of the ion

optics is shown in Figure 6.12.
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Table 6.3: Ion optics parameter. Negative distance signifies in the opposite

direction of ion extraction.

Electrode Voltage Diameter Distance from the

(kV) (mm) center of the chamber (mm)

R 5 70 -32.5

E 4 70 32.5

L 4 Inner: 70 85

Outer: 98

Z 0 70 132.5

Figure 6.12: SIMION® simulation of the flight of samarium ions with the

ion optics parameters indicated in Table 6.3.

6.5 Laser Screen

Most elements require more than one laser to achieve photo-ionization. The

multiple laser beams need to overlap temporally and spatially with the atomic

vapor. Overlapping the laser beams spatially in the center of the spherical reaction

chamber is not a straight-forward process if the laser beams have the slightest

angular separation between them.

A movable screen “S” is placed in the center of the reaction chamber to check

the position of the excitation laser beams, see Figure 6.13. Having the screen

in this position helps in centering the laser beams and to overlap on each other

precisely. Once the laser beams are aligned in such way, the screen is moved

away from the axis of the ion extraction system to avoid interference with the

electric field, as shown in Figure 6.14. This mechanical adjustment can be easily

controlled from outside the chamber by a translational movement of the cable
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attached to the screen. It can be clearly seen from Figure 6.4 how this mechanical

control is provided through the port “6”.

Figure 6.13: Electrode system

with the laser screen “S” in;

folded towards the axis of the

electrodes

Figure 6.14: Electrode system

with the laser screen “S” out;

folded away from the axis of the

electrodes

6.6 Detector

A microchannel plate (MCP) detector is used for the detection of the ions in

our system. An MCP is a 2D component used to detect ions and amplify single

particles or photons in vacuum. It is made up of countless millions of separate

microchannels that communicate with one another in parallel through the MCP.

The channels are structured in the MCP at a little oblique angle (referred to as a

“bias angle”) rather than running straight across. Every microchannel functions

as a separate electron multiplier.

When charged particles (such as electrons or ions) or photons (light particles)

enter the microchannels of the MCP, they collide with the walls of these channels.

These collisions cause electrons to be emitted from the channel walls due to a

phenomenon called secondary electron emission.

The emitted secondary electrons are accelerated by the high voltage applied

across the MCP. As these secondary electrons travel down the microchannels, they

collide with more channel walls, releasing additional electrons in the process. This

creates a cascade or multiplication effect, leading to significant amplification of

the original signal.

At the end of the MCP, the multiplied signal is collected and can be detected

using various methods, such as an anode that measures the resulting electrical

current. This highly amplified signal makes MCP detectors extremely sensitive
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and capable of detecting even single ions.

Figure 6.15: MCP-050-D-L-A-F-G-60 detector from Tectra GmbH

Figure 6.15 shows the MCP detector purchased from Tectra GmbH. Detailed

information regarding the assembly we ordered and other types can be found on

[72]. Some important specifications of our detector are provided in Table 6.4.

The detector is already in place in the TOF-MS.

Table 6.4: Specification of the MCP detector

MCP Outer Diameter 50 mm

Anode Diameter 45 mm

Assembly Chevron

Channel Length to Diameter Ratio 60:1

Max. Voltage (MCP Out - MCP In) 2.4 kV

Max. Voltage (Anode - MCP Out) 0.5 kV

6.7 Laser-Atom Interaction Region

The system is designed to have the interaction region of the laser beams and

the atomic vapor at the center of the reaction chamber. Figure 6.17 shows the

interaction of the excitation laser beams with the atomic vapor from the effusion

cell, with a 45° angular separation.

If the ablation plume is used as the source of atom, a vertically rising atomic

vapor will be obtained. This would provide an orthogonal (90°) intersection of the

excitation laser beams and the atomic vapor. This, however, does not avoid the

Doppler broadening because the ablation plume expands horizontally as it grows
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away from the surface of the target, giving rise to a conical shape. It means that

even if the excitation lasers are orthogonal to the main axis of plume growth, it

interacts with the horizontal component of the atomic velocity regardless.

Figure 6.16: Section view of the reaction chamber showing the effusion plume

(atomic vapor) and its interaction with the excitation lasers.

In this configuration of the laser-atom interaction, scheme development for the

resonance photo-ionization of elements can be performed regardless. If high res-

olution spectroscopy is the goal, the Doppler broadening needs to be suppressed.

This is discussed in the next sub-section.

6.7.1 Orthogonal injection of laser beam

One of the basic approaches to suppress Doppler broadening in a multi-step reso-

nant spectroscopy is to avoid probing the same velocity component of the atoms

with the different excitation lasers. This can easily be achieved if the excitation

lasers are orthogonal to each other.
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Figure 6.17: Section view of the reaction chamber showing the effusion plume

(atomic vapor) and its interaction with the orthogonally injected excitation

laser.

Imagine a two-step resonance photo-ionization process. Let us say a resonant

laser beam is passing through the entrance window 7’ as shown in Figure 6.17.

Now, if the other excitation laser is sent into the atomic vapor through the en-

trance windows 2 or 3, they will be orthogonal to each other. If the laser beam is

sent through window 3, it can arrive at the center of the reaction chamber from

outside the extraction grid or by passing through the extraction grid itself. If

there is any physical blockage to the path of the laser beam by the non-grid part

of the extraction grid, the position of the grid can be changed by gliding it on

the Macor® support and eventually adjusting the voltages supplied to the elec-

trodes to maintain an efficient ion extraction. This could suppress the Doppler

broadening regardless to the atom source: ablation target or effusion cell.

Having the effusion cell as the atom source has an extra advantage. As de-

scribed in 6.3.2, the effusion cell has an insert that can provide a collimated
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atomic beam. This should ensure a narrower resonance profile of the transitions.

6.8 Status of the System

The TOF-MS is completely assembled in the online laser lab. At the moment, a

single turbo-molecular pump is used under the reaction chamber, and the whole

system is maintained at a pressure of 2-3 × 10−7 mbar. A second turbo-molecular

pump will be placed under the MCP chamber to allow separate pumping of the

MCP. A valve is present between the tube and the MCP cross-chamber to provide

this separation. This valve is placed to ensure that the MCP can stay in vacuum

when target change is performed.

The electrical connections have been checked and verified for high-voltage

operations. A clear and safe laser pathway has been created for the transport of

the laser beams from the Ti:Sa lasers to enter the reaction chamber.

6.9 Future Perspective

Figure 6.18: Vapor pressure of samarium [www.mbe-komponenten.de]

The first operation of the new TOF-MS will be performed with the photo-

ionization of the samarium. Samarium is chosen as the first element because

it has five stable isotopes 144Sm, 149Sm, 150Sm, 152Sm and 154Sm, and a single
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laser beam at 435.71 nm is sufficient to achieve photo-ionization via double pho-

ton absorption [73]. Time of flight signals of the samarium isotopes should give

us a clear indication of the time resolution capabilities of the system.

The vapor pressure curve of the samarium is shown in Figure 6.18. It is clear

that at the pressure range of 10−7 mbar, samarium must be available in the vapor

phase upon heating the effusion cell to a temperature of 400°C or above. Powder

form or small pieces of samarium will be placed inside the crucible of the effusion

cell to obtain the atomic beam of the samarium.



102 Chapter 6. New TOF-MS Assembly in the Online Laser Lab



Chapter 7

Conclusion and Outlook

The presented work discusses the principles and study of resonance laser photo-

ionization of elements and their application in laser spectroscopy and laser ion

sources.

Resonance photo-ionization of silver was performed with two different sources

of atoms viz. an ablation plume and a hollow cathode lamp. In a hot envi-

ronment like ablation plume where Doppler broadening is a major limitation to

the resolution of the laser spectroscopy, it was shown that a Doppler-suppressed

spectroscopy can be performed by choosing a tiny laser-atom interaction volume.

A conventional approach is to provide orthogonal intersection of the laser beams,

so that the Doppler-shifted atoms with respect to one laser beam is not Doppler-

shifted with respect to the other laser beam. However, a Doppler-suppressed

spectroscopy was achieved in this study with an angular separation as low as 8.5°

(eight and a half degrees). In the scenario where the laser beams are injected

collinearly, Doppler broadening is clearly observed. In this scenario, the effect of

the linewidth of one resonant laser on the Doppler-broadened resonance profile

of the other transition was studied. The fine structures of the level 4d106d 2D

(J=5/2 and J=3/2) were probed as well with a wide frequency scan. Qualitative

comparison on the transition probabilities to these fine structure levels from the

level 4d105p2Po
3/2 was also performed.

The resonance spectroscopy of silver using a hollow cathode lamp provided

very strong evidence of high-lying Rydberg states. These Rydberg states are

found to be present around the energy value of 7.56 eV (60945.32 cm−1). These

levels are very close to the ionization potential of silver i,e. 7.58 eV (61106.45

cm−1). These levels are planned to be re-visited in the future work to identify

them using lasers of finer linewidths.

At Offline 2 ISOLDE, CERN, a thorough characterization of the SPES laser
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ion source has been performed for the first time. The thermal and electrical

properties of the source were analyzed and shown to be very stable. One of

the most important features of a laser ion source is the chemical selectivity it

can provide. It exploits the finger-print like electronic levels of each element

and provides a very high purity ion beam which the surface ion sources or the

plasma ion sources cannot provide. Through the study of the time structure of

the extracted ion beams, a direct relation between the movement of the ions and

the electrostatic axial field along the length of the ion source has been established.

The laser enhancement of the ion yields in relation to the ion source temperature

and the ion load has been investigated. At lower temperatures of the ion source,

the laser enhancement ratio shows a higher value but decreases rapidly with

increasing ion load in the ion source. At higher ion source temperature, the ratio

maintains a relatively constant value up to a high ion load of 1.1 µA, which

is explained by the excess thermionic electron emission at higher temperatures.

The resonance laser ionization efficiency of 27.2% for gallium was also measured.

Furthermore, it was also shown that the surface ionization efficiency value and

the laser ionization efficiency are directly related to each other with the laser

enhancement ratio.

Last but not the least, a new TOF-MS has been designed and assembled in the

online laser lab at the SPES facility at INFN-LNL. High voltage test, vacuum test

and calibration of the effusion cell have been performed. The system should aid in

performing more scheme development for resonance photo-ionization of elements

of interests for the SPES project. Several excitation laser entrance windows have

been implemented in the reaction chamber to allow Doppler-free spectroscopy as

well.



Appendix A

Laser enhancement ratios

measured during the efficiency

measurements

Table A.1: Measured laser enhancement ratios (LERs) during the efficiency

measurements

No. LERs Mean LER

1 56.1

2 48.8

3 54.8

4 61.5

5 57.5

6 55.2

7 60.5 55.5 (4.5)

8 52.8

9 57.5

10 51.2

11 47.7

12 60.2

13 61.4

14 54.2
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González et al., Proc. SPIE 12399 (2023). DOI: 10.1117/12.2646665

3. Laser Photo-ionization study of natAg using Opto-galvanic signal at SPES

offline laser lab. O.S. Khwairakpam et al., JINST 17 C12009 (2022). DOI:

10.1088/1748-0221/17/12/C12009

4. A new production method of high specific activity radionuclides towards in-

novative radiopharmaceuticals: The Isolpharm Project. E. Vettorato et al.,

RAD Conf. Proc. 6, 1–4 (2022). DOI: 10.21175/RadProc.2022.02


	Introduction
	Motivation
	Front End/Target Ion Source (TIS)
	Laser Ion Source (LIS)
	Advantages of LIS
	Choice of laser systems

	Isolpharm Project

	Theoretical Background
	Atomic Level Structure
	Energy Levels
	Orbital Energies and Atomic Structure
	Multi-Electron Configurations and Coupling Schemes
	Selection Rules
	Spectral Lines


	Ionization Processes
	Surface Ionization
	Electron Impact Ionization
	Resonance Laser Ionization
	Auto-Ionizing States (AIS)
	Non-Resonant Photo-ionization
	Rydberg States


	Transition Line Shapes and Broadening Effects
	Natural Linewidth
	Doppler Broadening
	Power Broadening
	Pressure Broadening
	Voigt Profile

	Tunable Laser Sources
	Principle of a Laser
	Dye Lasers
	TiSa Lasers



	Photo-Ionization Study of Silver
	Possible Resonant Schemes of Silver
	Experimental Set-Up
	Parameters of the Dye-Laser Systems Used

	Using TOF-MS
	Target and Ablation Technique
	Experimental Conditions and Results
	Isotopic Identification
	Doppler-suppressed scheme test
	Effect of Laser Linewidth on Doppler Broadening
	Fine Structure of the Level 4d106d 2D (J=5/2 and J=3/2)


	Using Hollow Cathode Lamp (HCL)
	Silver HCL
	HCL and Opto-Galvanic Effect
	Wavelength Scan with Slow Signal
	Irradiating just the first transition laser
	First transition laser and the second transition laser together

	Wavelength Scan with Fast Signal and Evidence of High-lying Rydberg States


	SPES Laser Ion Source test at Offline 2-ISOLDE, CERN
	Hot Cavity RILIS
	Experimental Set-up
	Modes of Measurements
	Sample Preparation
	Photo-Ionization Scheme of Gallium and the Laser System

	Measurement Sessions and Results
	Thermal-Electrical Characterization
	Time Structure of Gallium Ions
	Laser Enhancement Ratio
	Ionization Efficiency Measurements

	Discussion

	New TOF-MS Assembly in the Online Laser Lab
	New TOF-MS Assembly
	CAD model of the new TOF-MS
	Atomic Beam Unit
	Ablation target system
	Effusion cell

	Dis-mountable Ion Optics System
	Laser Screen
	Detector
	Laser-Atom Interaction Region
	Orthogonal injection of laser beam

	Status of the System
	Future Perspective

	Conclusion and Outlook
	Laser enhancement ratios measured during the efficiency measurements
	Bibliography
	List of publications
	Journal Articles
	Conference Proceedings


		2023-10-10T10:03:44+0000
	Omorjit Singh Khwairakpam
	Per accettazione




