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The work presented in this master thesis focuses on the upgrade of the grating-based
Ti:sapphire laser system, which is located in IGISOL facility in the University of
Jyviskyld, Finland. The classic grating Ti:sapphire laser is upgraded to the self-seeded
grating-based Ti:sapphire laser with the addition of a partially reflecting mirror. This
upgrading was done in order to increase the output power of the cavity. Then, the
combination between the self-seeded grating-based Ti:sapphire laser and the existing
three Ti:sapphire systems of laboratory are used for the search of auto-ionizing states
in elements, such as silver, as well as for the saturation measurements and the delay
curve.
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1. Introduction

Many radioactive beam facilities use the laser ion source in order to improve the
ionization efficiency as well as the selectivity [1].

Wide range wavelength tunability is important for laser spectroscopy, as it enables
optical research into unknown atomic systems. There is a shortage of spectroscopic
information in the area of higher — lying excited states region for a large number of
elements. This fact becomes even more severe for heavier elements that consist of a
complicated electronic structure. As a consequence, the only viable way to get
spectroscopic data is by direct measurement.

The standard pulsed Ti:sapphire laser systems are not so versatile for tuning, and in
many cases, they lead to mode — hops and strong output power fluctuations. This is due
to the use optical elements during the scanning of the wavelength, like birefringent filter
and etalon. If the laser is utilized for spectroscopy, these problems have to be
eliminated. A more convenient way to realize mode — hop free wavelength tunability is
to utilize a grating. The use of a grating for selecting wavelength, permits scanning for
long wavelength ranges [2]. However, the fundamental output power of a grating-based
Ti:sapphire laser is much lower than the standard pulsed Ti:sapphire, which results, for
example, in low second harmonic generation efficiency and low ionization efficiency.
Based on recent developments [3], a self-seeded grating laser is built to greatly increase
the fundamental output power, while preserving the GHz - range linewidth.

This thesis consists of six chapters. The Chapter 1 is the Introduction — Motivation. The
Chapter 2 includes the necessary theoretical background for understanding the subject
of the thesis; namely, the theory of the basic principles of the laser operation and the
laser properties. In addition, the diffraction grating, the theory of the Ti:sapphire laser
as well as the atom — light interaction and the resonance ionization spectroscopy are all
presented. The Chapter 3 contains the experimental setup. It describes the tools, which
are used to fulfil this project, such as the properties of the pump lasers, the optical table
layout as well as the electronic setup.

The Chapter 4 and 5 present the experimental analysis — results. The Chapter 4 refers
to the setup of a self-seeded grating-based Ti:sapphire laser and its upgrading. The
combination between the self-seeded grating-based Ti:sapphire laser and the existing
three Ti:sapphire systems of laboratory is discussed in Chapter 5.

In the Chapter 6, the summary and the future projects are discussed.



2. Theoretical background

2.1. Laser

The word LASER comes from the initials of the words Light Amplification by
Stimulated Emission of Radiation.

2.1.1. Absorption, spontaneous and stimulated emission

Assuming that it is used a simplified model of two energy levels of an atom, with
energies E1 (ground state) and E> (excited state) where E; < E, (Fig. 2.1). If the atom
IS in the excited state and because E, > E;, the atom will tend to decay to the ground
state and releases energy equal to the difference between E, — E;. If the energy is
emitted in the form of an electromagnetic (EM) wave, the process is called spontaneous
emission, and is characterized by the emission of a photon energy hv, = E, — E; (Fig.
2.1.a). The transition to the ground state can also be made with a non-radiative way, for
example by molecular collisions, and in this case the process is called non-radiative

decay [4].

EZ o 2 EZ ® 2 EZ C 2
hv,=E,-E;
> > . >
y b 4
E) 3 1 E) O 1 E) ® 1

(a) (b) ()
Figure 2.1. (a) Spontaneous emission, (b) Stimulated emission and (c) Absorption.

Supposing now that the atom is in the excited state and an EM frequency wave v = v,
disrupts it. Because the EM wave has the same frequency as the atomic frequency, there
IS a non-zero probability that the atom goes to the ground state by emitting a photon
hv, = E, — E; , due to the disturbing EM field (Fig. 2.1.b). The phenomenon is called
stimulated emission.

It is worth to emphasize to the essential difference between stimulated and spontaneous
emission. During the stimulated emission, the atoms emit EM waves which are in phase
with the incident EM field and they are emitted at the same direction. In contrast, in the
spontaneous emission, the emitted EM waves have no definite phase in relation to the
incident EM field and are emitted at any direction.

Assuming now, that the atom is at the ground state and an EM frequency wave v = v,
disrupts it. Thus, there is a non-zero probability that the atom goes from the ground
state to the excited state, increasing its energy at E, — E; because of disrupting EM
field (Fig. 2.1.c). The phenomenon is called absorption.
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To understand the above processes, the number N is introduced. The N; is the number
of atoms (or molecules) per unit of volume in the E; state and is called population of
the state i.

Spontaneous emission: The decay rate of the E> population is proportional to the N>
population.

dN.

(d_tz)sp = —AN;. (2.1)
The coefficient A is a positive constant and is called Einstein coefficient A or rate of
spontaneous emission. It depends only on the particular transition. The 75p = 1/A IS

the lifetime of spontaneous emission.

Non-radiative decay:

dN N.
(d_t.z NR — — Z/TNR' (22)

The Tyg = 1/A is the lifetime of the non-radiative decay and depends not only on that
transition, but also on the surrounding environment.

Stimulated emission:

dN
(d_tz)ST = —W51N;. (2.3)

The coefficient Wo1 is the rate of stimulated emission, with dimensions of inverse time,
and depends both on the specific transition and on the intensity of the incident wave.

Absorption:

dN
(d_tz a = —WiN;. (2.4)

The coefficient W12 is the rate of absorption and depends not only on that transition,
but also on the intensity of the incident wave.

Considering plane waves for the incident wave are used, the following equations are
applied:

le = O'le. (25)
W21 = O—ZlF' (26)

where o is the cross section of the transition and has dimension of an area (barn b, where
1b=10"2%m? =100 fm?).

The cross section depends only on the characteristics of the particular transition. F is
the photon flux of the EM wave and has dimension of [time] *[area] ..

If the two levels are non-degenerate, then W,, = W,, and g,, = 0, are valid. If the
two levels are degenerate with degeneracy g, and g, respectively, then it is true that

g1Wiz = g.W5, and so g0, = g,024 [5].



2.1.2. Theidea of laser
Amplifier

Assuming two energy levels E; and E, with degeneration g, and g, and populations
N1 and Na, respectively. An EM wave with a photon flux F propagates along the z-axis
(Fig. 2.2).

F F+dF

Figure 2.2. Elementary change dF in the photon flux F during the dissemination of a plane wave from
the material.

The elemental change in flux dF by the elementary length dz, will be equal to the
number of photons produced by stimulated emission minus those which were absorbed.
So:

dF _
dz

W31 Ny — Wi Ny = 051 FN, — 01,FNy = Foy, [Nz - gl\h] = Foy, [Nz - z_le]- (2-7)

The eq. 2.7 shows that the material behaves as an amplifier when dF /dz > 0, i.e. when
N; > (92/4,)Ny. Otherwise, when N, < (92/4 )N, it behaves as an absorber.

A simple laser - cavity laser

To create a laser beam from an amplifier, a positive feedback scheme called oscillator
is needed. This is achieved by placing the active medium between two highly reflective
mirrors (Fig. 2.3) [6]. This structure is known as a laser cavity. As the EM wave, which
goes in the direction of the two mirrors, reflects back and forth on the mirrors, it is
amplified each time it passes through the active amplifier medium. By constructing one
of the two mirrors partially permeable to the frequency of EM wave, the laser beam is
resulted at the output of the mirror.



Mirror 1 Mirror 2
length |

Laser beam

Active medium — Amplifier

Laser cavity

Figure 2.3. The operating principle of the laser [6].

To maintain the above procedure of the laser, it is important to achieve the so-called
threshold condition. The threshold condition states that the gain of the active medium
must compensate the losses of the cavity. From the eq. 2.7, the amplification which is
achieved by a passage into the cavity is:

F = exp{0'21[N2 - (gz/gl)Nl]l}, (28)
where [ is the length of the active medium. R; and R, are the reflectivity of the two
mirrors and L; is the internal loss for each pass in the cavity. Whether at a given

moment, the photonic flux in the cavity which leaves from the mirror 1 towards the
mirror 2 is F, then for the flow F' at the same point after a circle in the cavity is:

F' = Fexp{o,1|N; — (9%/g,)N1]1} x (1 = LR, X
exp{oy1 [Ny — (92/g,)Na]1} x (1 = LRy,

F' = Fexp{2031 N, — (9%/g,)N1|1} x (1 = L)?R4R, . (2.9)
In threshold conditions F = F'. So
exp{20,1 [N, — (92/¢,)N:]1} x (1 = L)?R,R, = 1. (2.10)

From the above equation, the threshold conditions are reached when the population
inversion acquires the following critical value is called the critical inversion:

_ In(R1R,)+2In(1-L;)
N, =N, — (92/g )N, = - == P . (2.11)
The eq. 2.9 is simplified by introducing the variables
yi =In(1 - L;). (2.12.c)

wherein Ty and T are the transmissions of the mirrors 1 and 2, respectively.



Then, the eq. 2.11 is formed as below:

N, = V/al , (2.13)

where o = g,; and

y =y + 22 (2.14)

The y; is called the logarithmic internal loss of the cavity. Itisusually L; < 1,50 y; =
L;. The vy is called the single-pass loss of cavity [5].

The oscillation of the laser proceeds through the spontaneous emission when the
threshold condition is reached. The spontaneous emission photons actually begin their
amplification process, i.e. the laser [4].

2.1.3. Pumping

This section deals with how it can be achieved a population inversion in the material
which acts as an amplifier. In a two-level system, a population inversion is not possible.
Thus, systems with more levels should be used. The most common systems are those
of three-level laser, like a Ruby laser [22] and four-level laser, like Ti:sapphire laser
[20] and an Nd:YAG [21].

Three — level laser: The atoms are excited from the ground state (level 1) at excited
state (level 2). Then, the atoms are rapidly decayed to level 3 (possibly through a non-
radiative decay). If the decay from level 3 to the ground state is much slower than the
decay from level 2 to level 3, then the conditions of a population inversion are achieved.

2 1
Fast Decay Fast Decay
3 2
Pump Pump Lasing
Lasing 3
Fast Decay
# 1 0

(a) (b)

Figure 2.4. (a) a three-level laser, (b) a four-level laser [4].

Four — level laser: The atoms are excited from ground state (level 0) to excited state
(level 1). Then, the atoms are rapidly decayed to level 2 (possibly through a non-
radiative decay). If the decay from level 2 to level 3 is much slower than the decay from
level 1 to level 2, then the conditions of a population inversion are achieved.
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It is important to note that the system has to return to the ground state and close the
cycle, so the transition from level 3 to level 0 must also be very fast (possibly again
through a non-radiative decay).

The process of excitation from the ground state to the upper excited state is called
pumping. It is easier to achieve conditions of a population inversion in a four-level laser
than a three one. To achieve conditions of a population inversion in the three-level laser,
it is necessary, from equation 2.7, N, > N; to be valid. Therefore, the population of
level 2 (level 3 in Fig. 2.4.a) should be first equal to the population of the level 1 in
order to start the laser process. On the other hand, in the four-level laser, due to the fact
that the level 1 (level 3 in Fig. 2.4.b) is empty, the population inversion and therefore
the laser process, starts from the first excited level to level 2 [6].

2.2. Wavelength selection

The gain bandwidth of the Ti:sapphire laser is broad and due to the cavity resonates at
many modes, it is observed a wide output linewidth. For the wavelength selection for
the Ti:sapphire laser it is used some optical elements like etalons and birefringent
filters, in order to limit the broad of the output linewidth. Etalon consists of two parallel
partially reflecting surfaces while birefringent filter is used to restrict the laser linewidth
and the method to achieve this, is to modify the polarization of the incident beam [5].

2.3. Diffraction grating

The diffraction grating consists of many parallel and spaced slits with the distance d
between the successive slots (groove spacing d). The grating is made by cutting parallel
and spaced grooves on glass or metal plate where there are reflection and transmission

grating [2].
For constructive interference, there is the following equation:

dsin @ = mA, (2.15)
where m is the diffraction order and is an integer, 0 is the diffraction angle and A is the
wavelength of the light.

For two successive grooves, the optical path difference between themis d * sina + d *
sin 8, where a is the angle of incidence. Thus, the eq. 2.15 for the two successive
grooves becomes:

d * (sina + sin 8) = mA. (Grating equation) (2.16)

When the light is diffracted back in the same direction from which it came, the angle
of incidence is equal to the diffraction angle (a = 8). This is called the Littrow
configuration [7].

Thus, the grating equation is simplified to:

2d sina = mA. (2.17)
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It is known that the resolving power R of a grating is R = j—l . However, the R is also

given by R = mN, where N is the number of illuminated grooves, d = %

A
SO,E—mN.

More details of the grating diffraction could be found in [8].

2.4. Ti:sapphire medium

In this laser, trivalent (3-valent) titanium ions (Ti*) replace some AI** ion in the crystal
lattice of the Al>Oz. The trivalent titanium ions are located on the center of an octahedral
crystal structure. The trivalent ion of titanium, which is a transition element, has only
one 3d electron in the outer electron shell, which has strong coupling to the lattice of
the receiving material. The effect of the strong coupling of the 3d electron to the lattice
is the significant widening of the energy levels, creating a wide absorption range [9].

\I\I!II‘I\
1;
N

Pump (~532nm)

decay 7 T,

LLLLLLL

I%

Figure 2.5. Ti:sapphire structure of energy levels [2].

In Fig. 2.5, it is observed that the pump laser excites the electron from the lowest
vibrational level of 2T, state to the vibrational states of E. Then, the electron rapidly
relaxes into the basic state of 2E. Their lifetime is of the order of us, therefore it is
suitable for inversion of the population. The decay from the basic state of 2E to some
of the excited vibrational states of 2T, provides the laser. Then, an additional quickly
decay occurs in the basic vibrational state of 2T. Thus, the Ti:sapphire laser is a four-

level laser [6].
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The Ti:sapphire lasers can be pulsed or be continuous (CW). In the CW mode, they
emit a few Watts when pumped to the maximum absorption of their ground states, i.e.
~ 500 nm. The Ti:sapphire laser is a variable wavelength laser and its emission band is
from 660 to 1180 nm [4].

2.5. Atom — light interaction (Saturation)

During the resonance ionization spectroscopy, it is important to examine the interaction
of the light fields with the multi-atomic levels. For convenience, it is used a simple two-
level system with the ground state and the excited state. The population density of the
excited state is given as:

s
here § = —32— .
where S 1+(%2
Thus,
= -2 ___ (2.19)
P= 3G+ 14482 '

yIZ

The factor v is the decay constant of the excited state (the inverse of the lifetime of the
state) and § = w, — w4 , detuning of the laser frequency ..

It is known that S, = IL is the resonant saturation parameter and lsq is the saturation
sat
T

intensity, Iy, = % . The factor A is the laser wavelength and t is the excited state
lifetime.

When S, « 1, the population is mainly in the ground state. In the case S > 1, the
population is equally distributed between the ground and the excited state [10].

It is important to note that the profile of the population density p is a Lorentzian
function with FWHM of

Y =vJ1+S,. (2.20)

The eq. 2.20 depends on the intensity of the laser. This phenomenon is called saturation
broadening [2].

2.6. Resonance lonization Spectroscopy

The resonance laser ionization is a mechanism through an atom is excited and a valence
electron is promoted to a higher atomic level. If the transitions take the valence electron
over the ionization potential (IP) of the atom, the ionization is possible to be happened.
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The excitation energy of the atomic states of each element is the fingerprint of the
atomic states. Thus, the mechanism of the resonance laser ionization could be used in
order to give the element specific ionization.

The process of the ionization could be used to optical spectroscopy in the form of
Resonant lonization Spectroscopy (RIS). RIS was developed in the early 1970 [11].

The most common mechanisms of ionization are the following. At first, there is the
ionization through an auto-ionizating (Al) state. During auto-ionization, the ionization
potential is energetically lower than the transition, which is usually called as Al state.
The Al formations are come from multi-electron excitation in the atom. In Al states,
high cross sections are observed for excitation, which leads to rapid ionization
(0;~10"cm™2).

Then, there is the Rydberg ionization. This type of ionization happens at an
energetically state, just below the IP. The ionization could be caused by IR radiation,
electrostatic fields or collisions with the other atoms. The last one is the non-resonant
ionization. It happens with non-resonant laser radiation, and after the first or the second
resonant transition. The disadvantage of this type of ionization is that the ionization
cross section is lower in comparison with the cross section for resonant excitation. The
cross section is around a,~10~17cm™2[12].

The Fig. 2.6 shows these three mechanisms.

[AD)

IP

(a) (b) (c)

Figure 2.6. lonization mechanisms. (a) Auto-ionization, (b) Rydberg ionization and (c) non-resonant
ionization [13].
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3. Experimental setup and tools

This chapter deals with the description of the experimental setup which is used, its
parts, as well as, the setup and layout of electronics.

3.1. Experimental setup
The optical tables 1 and 2 depict the schematic layout of the laser setup which is used.

For the first part of the thesis is used the self-seeded grating-based Ti:sapphire laser
from the optical table 2, while for the second part both optical tables are used.
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Figure 3.1. Schematic layout of the laser setup for optical table 1.
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Figure 3.2. Schematic layout of the laser setup for optical table 2.
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The pump laser Nd:YAG 2 (Lee Laser, LDP-200MQG, QEM model, second hand) is
set at 24W output power of the second harmonic at 532 nm with 10 kHz of pulse
repetition rate while Nd:YAG 1 (Lee Laser, LDP-200MQG) is set at 14.9W output
power of the second harmonic at 532 nm with 10 kHz of pulse repetition rate [2].
Telescope, which consists of two lens and increases the beam spot (beam expander),
half-wave plates, mirrors and polarizing beam splitter cubes are used in order to divide
the output power from the pump laser Nd:YAG 1. Then, the output power is allocated
to the Ti:sapphire systems. The wave plate is used to control the polarization state of
light. The half-wave plate is a type of wave plate and shifts the polarization direction
of linear polarized light.

The cavity design of the Ti:sapphire laser was developed at the University of Mainz
and the shape is Z-shape. It consists of two curved mirrors (CM), a flat high reflector
(HR), an output coupler (OC), an etalon (frequency selection), a PC (timing) and a
birefringent filter or a Lyot — Filter (frequency selection). The one surface of the CMs
is coated with high reflection for the laser wavelength, while the other surface is coated
in order to limit the wavelength of the pump laser. A focusing lens, which is before the
first CM, is used in order to focus the pump laser on the Ti:sapphire crystal, which is
located between the two CMs [14].

Output Coupler
(0C)
Curved
RRar Birefringent
filter
Ti:sa
crystal
PC
Curved
mirror
Etalon \ Focusing
lens
High Reflector
(HR) Mirror
Mirror

Figure 3.3. Schematic layout of a standard pulsed Ti:sapphire cavity.

Other parts of the setup are birefringent filters which are used to restrict the laser
linewidth and the method to achieve this, is to modify the polarization of the incident
beam [6]. At the same time a birefringent crystal, BBO (Peta-Barium-Borate) extends
the range of the Ti:sapphire to higher harmonic generation. At the optical table 1, the
output coupler (OC), flat reflective mirror, extracts the laser beam with a reflectivity of
90%. At the optical table 2, in the self — seeded grating — based Ti:sapphire cavity, the
OC has 80% reflectivity and the last OC has 70% reflectivity. As a harmonic separator
operates the dichroic mirror. It is a mirror which has different reflection or transmission
properties at two different wavelengths [15].
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Also, some other components that are used in optical table 1 and 2 are prism expander,
etalon, polarizing beam splitter cube, focusing lens, high reflector (HR), beam sampler,
infrared mirror, cylindrical lens, curved mirror, partially Reflecting (PR) mirror and the
grating. Pockets cells are electro-optical crystals and operate as a voltage-controlled
wave plate and are used in order to synchronize the Ti:sapphire lasers. If an appropriate
voltage is applied to the crystal, then the polarization of the passing light is rotated by
45° and is reflected from the reflective mirror and passes again from the crystal which
is under voltage. Thus, the polarization is rotated again by 45°. The total rotation is 90°
relative to the original polarization. For more details, address to Ref [9, 15, 16]

The last part of the setup is the Atomic Beam Unit or ABU. ABU is a useful tool for
off-line laser spectroscopy. It is used for laser excitation tests and developments of
ionization schemes. It consists of a thin tantalum tube, which is heated electrothermally
in order to reach a sufficient temperature, up to 1600°C, and the sample of material to
evaporate [12]. Then, the atomic beam passes through a small hole (orifice) and is
collimated. Behind the small hole is located an electrode with a positive potential of
+80 V. This electrode is used in order to have better background signal of the thermal
ions derived from the tantalum tube [2]. The collimated beam and the laser interact with
each other in the interaction region. The ions of the laser are directed to electron
multiplier tube (EMT) and a potential of -2.5kV is applied.

A\

Figure 3.4. ABU unit.
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3.2 Electronic setup

To extract the important information, an appropriate electronic setup is necessary.

For the laser timing, there is external frequency generator — Agilent 33120A (master
clock) provides the 10kHz external trigger (signal TTL). The signal allocates to two
GDG units (model 416A, Nd:YAG 1 timing and Nd:YAG 2 timing). The individual
signals are then sent to the two pump lasers Nd:YAG 1 and Nd:YAG 2. The pump
lasers can be synchronized over time with the suitable settings of the GDGs.

Laser
Master Clock Gate and Delay Generator (GDG 1) |7 Nd:YAG 1

Gate and Delay
Generator
(GDG 2)

Laser
Nd:YAG 2

Figure 3.5. Laser time setup.

For the data acquisition, the first stage in the electronic chain is the preamplifier
(ORTEC - VT120 Fast Timing Preamplifier), which is connected to the ABU. The role
of the preamplifier is to extract the signal from the detector with as little amount of
noise as possible. This is why the preamplifier is located as close as possible to the
detector [17]. The preamplifier is then connected to the amplifier (ORTEC — FTA820A
Octal Fast Timing Amplifier). The signal, now, is amplified and takes the appropriate
shape for more extensive processing. Next, the amplifier is connected to the
discriminator (ORTEC — 584 Constant Fraction Discriminator), which eliminates
background noise and is used as an analog to digital converter [17]. The CF Disc is
linked with the Coincidence unit (takes only the negative signal). Here, an oscilloscope
(Rigol DS1204B 200MHz Digital Oscilloscope) checks the positive signal. Also, it is
used a master clock (external frequency generator — Agilent 33120A), which is
connected with the Gate and Delay Generator (GDG — model 416A). The GDG is
connected with the Coincidence unit. Finally, the signal from the Coincidence unit goes
to a second GDG (model 416A) unit to make the signal suitable for the Counter, which
Is connected to the computer.

ABU ‘ Preamplifier |—{ Amplifier | | CF Disc ‘

Master Clock Gate and E)glg?xé)Generator ‘ Coincidence Unit l Oscilloscope

Gate and Delay Generator
(GDG)

Figure 3.6. Data acquisition setup
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4. A self-seeded grating-based Ti:sapphire

4.1. Experimental Setup

The setup of the self-seeded grating-based Ti:sapphire laser is similar to the standard
Ti:sapphire laser, i.e. it has a Z-shaped design. However, there are some differences.

The self-seeded grating-based Ti:sapphire laser consists of two curved folding mirror
(CM) with the range of reflective coating to fluctuate between 650nm - 1050nm. The
output coupler (OC) with 80% reflectivity has a similar range of reflective coating with
the CMs. In addition, there is a focusing lens, which is located before the first CM, and
it is used to focus the pump laser on the Ti:sapphire crystal. The Ti:sapphire crystal is
pumped by the 532nm second harmonic of a Nd:YAG laser operating at 10kHz
repetition rate. After the second CM, there is a partially reflecting (PR) mirror and then
a prism beam expander. Instead of a high reflector mirror (HR) which exists in the
standard Ti:sapphire, the cavity is closed with a diffraction grating in Littrow
configuration. The grating is a gold coated diffraction grating with 1500 grooves/mm.
Therefore, one more cavity is formed consisting of the PR mirror, the prism beam
expander and the grating. The prism beam expander is inserted into the cavity because
the grating is sensitive to high power densities. That can be overcome by expanding the
laser beam diameter.

The schematic layout of the self-seeded grating-based Ti:sapphire laser and pictures
from the laboratory about the Ti:sapphire cavity are shown in Fig. 4.1 and Fig. 4.2.

B
To ABU
Output
Coupler
(0C)
Curved
mirror
(C™m)
Partially
Reflecting
Mirror — Ti:sa
(PR) | \ 4 crystal
/ Curved
mirror
I » (™)
Prism \ )
’ > |expander Focusing
' lens
\ Mirror
I Pump Mirror
Grating beam

Figure 4.1. Picture 1 and schematic layout of the self-seeded grating-based Ti:sapphire laser.
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Figure 4.2. Picture 2 of the classic grating-based Ti:sapphire.

4.2. Experimental results
4.2.1. Output power

To increase the fundamental output power, it is necessary to use the partially reflecting
mirror. The goal is to achieve the highest output power improvement compared to the
non-seeded resonator, i.e. the classic grating laser. The classic grating laser is without
the PR mirror.

Set the pump power to 14.9A. First, the cavity of the classic grating laser is used. The
Fig. 4.3 shows the output power as a function of the wavelength.
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Figure 4.3. Output power as a function of wavelength for the classic grating laser.

Four PR mirrors with different reflectivities are then tested. The PR mirror is inserted
in the cavity between the second CM and the prism beam expander.



| 22

The first PR mirror being tested has 30% reflectivity. The Fig. 4.4 shows the PR mirror
and some of its characteristics. The output power as a function of the wavelength for
the extended self-seeding cavity is depicted in Fig. 4.5

Figure 4.4. Partially reflecting mirror with 30% reflectivity.
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Figure 4.5. Output power as a function of wavelength for the self-seeded grating-based Ti:sapphire
laser using mirror with 30% reflectivity.

Then, the PR mirror with 30% reflectivity is replaced by a PR mirror with 48%
reflectivity. Similarly, the Fig. 4.6 shows the PR mirror and some of its characteristics
and the Fig. 4.7 describes the output power as a function of the wavelength for this case.
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Figure 4.6. Partially reflecting mirror with reflectivity of 48%.
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Figure 4.7. Output power as a function of wavelength for the self-seeded grating-based Ti:sapphire
laser using mirror with 48% reflectivity.

Next, the PR mirror with 70% reflectivity is used. Using this PR mirror and the pump
power at 14.9V, some difficulties arise. It does not show additional seeding effects as a
result (such as bad mode from reflectivity and) low output power. Hence, the pump
power is increased to 15.4V in order to eliminate the difficulties. The result is shown in
Fig. 4.8.
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Figure 4.8. Output power as a function of wavelength for the self-seeded grating-based Ti:sapphire
laser using a mirror with 70% reflectivity.

Figure 4.9. Partially reflecting mirror with 70% reflectivity.

For the PR mirror with a reflectivity of 80%, the same difficulties arise. However, here
it is not possible to eliminate the difficulties by increasing the pump power. The Fig.
4.10 shows the PR mirror and some of its characteristics.
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Figure 4.10. Partially reflecting mirror with reflectivity of 80%.

The mirrors with 70% and 80% reflectivity are not used further, due to no additional
seeding effects.

To see the effect of the PR mirror in order to achieve the highest output power
improvement compared to the non-seeded resonator the Fig. 4.11 is created.
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Figure 4.11. Output power as a function of wavelength for the classic grating laser compared with the
extended self-seeding cavity using a PR mirror with 30% and 48% reflectivity.

The highest output power is achieved in the cavity with the 48% PR mirror and the

fundamental output power is bigger than the classic cavity grating laser by a factor of
2.
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4.2.2. Ratio of power

For extended self-seeding cavity with the 48% PR mirror, the ratio of power is
calculated. The ratio of power is calculated from the non-seeding power to the output
power. Thus, the Fig. 4.12 depicts the ratio of power as a function of the wavelength.
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Figure 4.12. Ratio of power Vs wavelength for the self-seeded grating-based Ti:sapphire laser cavity
with 48% PR mirror.
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4.2.3. Temporal profile

The motivation of this part of the thesis arise from the desire to insert a frequency —
doubling crystal between the Output Coupler (OC) and the first Curved mirror (CM).

The distance between the OC and the zero point changes in the self-seeding cavities
with 30% and 48% reflecting mirrors. The zero point is located as close as possible to
the first CM but without affecting the Ti:sapphire crystal. By changing the distance and
having a constant wavelength, the following diagrams are created in order to find the
pulse width for various distances. Using Gaussian distribution, the pulse width is the
FWHM. For the measurements is used fast photodiode due to the short pulse duration.
The fast photodiode is connected with the oscilloscope in order to see the pulse. The
oscilloscope gives point from 0 to 10000. The time between these points is 1000ns. So,
in order to calibrate the x axis and calculate the pulse width, it is necessary to divide
the time with the index of oscilloscope. Thus, the correct calibrated x axis is with 0.2
ns.
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Prism
Expander

|
\
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Pump
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Focusing
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Mirror

Mirror

beam

Grating

Figure 4.13. Schematic layout of the self-seeded grating-
in the distance between the OC and the zero point is observed.

based Ti:sapphire laser, in which the change
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For the self-seeding cavities with 30% PR mirror.
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Figure 4.14. Pulse with FWHM = 27.00294 ns when the distance is 0.5 cm.
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Figure 4.15. Left: Pulse with FWHM = 32.25363 ns when the distance is 1.7 cm. Right: Pulse with
FWHM = 40.84338 ns when the distance is 5 cm.
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Figure 4.16. Left: Pulse with FWHM = 44.52934 ns when the distance is 6.1 cm. Right: Pulse with
FWHM = 48.81766 ns when the distance is 9.1 cm.

For the self-seeding cavities with 48% PR mirror.
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Figure 4.17. Left: Pulse with FWHM = 33.27056 ns when the distance is 0.1 cm. Right: Pulse with
FWHM = 38.1328 ns when the distance is 5.8 cm.
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Figure 4.18. Pulse with FWHM = 53.91285 ns when the distance is 8.2 cm.
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By having the pulse width for various distances, it is important to check the relation

between distance with the pulse width and the output power.

For the self-seeding cavity with 30% PR mirror, the left panel of Fig. 4.19 shows the
pulse width as a function of distance while the output power as a function of distance

is depicted in the right panel.
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Figure 4.19. Left: Pulse width as a function of distance. Right: Output power as a function of distance.
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Similar for the self-seeding cavity with 48% reflecting mirror.
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Figure 4.20. Left: Pulse width as a function of distance. Right: Output power as a function of distance.
The comparison of the four graphs is shown in Fig. 4.21
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Figure 4.21. Pulse width as a function of distance (left) and output power as a function of distance
(right) for the self-seeding cavity with 30% and 48% reflectivity, respectively.

The partially reflecting mirror does not affect the pulse width. However, the distance
between the output coupler and partially reflecting mirror is sensitive. The pulse width

is increased, while the distance is increased. This happens due to the cavity becomes
larger.
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5. Atomic beam spectroscopy of Ag

In this part of the project, the combination between the self-seeded grating-based
Ti:sapphire laser and the existing three Ti:sapphire systems of laboratory (optical table
1 and 2, Chapter 3) are used for the saturation measurements and delay curve.

5.1. Motivation

The silver isotopes around the N = Z area have been of great interest for many years. A
plenty of phenomena can occur by these isotopes because they are close to the N=Z
line. For many reasons [18] the existence of the two-proton decay form of **Ag was
disputed. In order to be resolved this problem, it is necessary to execute direct mass
measurements %Pd, **Ag kot **™Ag (21%), Through this way, they will allow a clear
determination of the isomer's energy.

5.2. Laser spectroscopy of silver

An efficiency laser ionization scheme for the silver has been characterized and tested
(ref). It is a three steps ionization scheme. The final transition is non — resonant
ionization.

The self-seeded grating-based Ti:sapphire laser is used in order to access Al (auto-
ionization) state from the third level and improve the ionization efficiency. At the Al
state, the cross section is bigger than the non — resonant ionization by factor of 100.
Instead of being found the Al state, the Rydberg series is discovered starting from an
unexpected state. It is not Al state because the Al states are not series and they are very

broad.
N ;Qﬂﬂnm rblli 6.45 em™ Rydbere States

Level 3 6d"Dyyy ’4)136[] cm” ~ 795-825 nm
10 O o1 ]
421.2142 11111“| 0381 4d6p"Py —————48500.8105 cm
Level 2 5pPyjy —————=30472.71 cm"
328.1624 nm |§[-0.050]
Level 1
[I\l 4d l[! Eb (1) e— (m_l

Figure 5.1. The resonance laser ionization scheme for silver and the silver Rydberg scheme.
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The Rydberg series are observed in the ABU only when the intensity of the third step
is low. If this happens, the transition from level three to level four is a weak path.
Therefore, the transition from level three to level four is possible. Otherwise, if the
intensity of the third level is not low, the non — resonant ionization covers the effect.
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Figure 5.3. Results of Ag Rydberg scans.

5.3. Saturation curves

The aim for the saturation surves is to make a comparative assessment of the ionization
efficiency by comparing the ionization rate of a Rydberg peak and the ground level
between the peaks. Furthermore, the efficiency is demonstrated by comparing the
Rydberg series.

In order to create the saturation curves the two lasers overlap. To fit the data, it is used
the eq. 2.19, where for simplicity in this eg. assuming 6=0, and it becomes:

1

= A—Tsat 5.1
Pt

However, it is not used the I and ls;t due to non-measurement of the spot size of the
laser beam during the experiment. Thus, it is used the P and Psa, which are the output
power and the equation 5.1 becomes:

p=A—tu_ 5.2
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Thus, based on the above mentioned, the following saturation curves are created for a
specific value of wavelengths. For each wavelength, the deflector is set first on 0 and

after on 200 V.

Wavelength: 792.943 nm
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Figure 5.4. Left panel: Saturation curve for OV.
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Figure 5.5. Left panel: Saturation curve for 0V. Right panel: Saturation curve for 200V.
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Wavelength: 803.6347 nm
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Figure 5.6. Left panel: Saturation curve for OV. Right panel: Saturation curve for 200V.
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Figure 5.7. Left panel: Saturation curve for OV. Right panel: Saturation curve for 200V.
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Figure 5.8. Left panel: Saturation curve for OV. Right panel: Saturation curve for 200V.
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Figure 5.9. Left panel: Saturation curve for O0V. Right panel: Saturation curve for 200V.
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Wavelength: 822.7228 nm
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Figure 5.10. Left panel: Saturation curve for OV. Right panel: Saturation curve for 200V.

Analyzing further the figure 5.3 between the region 792 — 796 nm of the Rydberg scan,
it is observed that counts are not fully saturated even at high energies. That means that
the output power can increases more. In addition, it means that it is about a non —
resonant transition. In the same time, in the middle of the Rydberg scan (802 — 806 nm),
counts are fully saturated, so Rydberg series appeared.
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Figure 5.11. Region between 792 — 796 nm: The left panel shows the ion count rate vs. wavelength.
The right panel of the figure illustrates the ion count rate vs. laser power.
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® Saturate curve for wavelenght 804,4869 nm
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The right panel of the figure illustrates the ion count rate vs. laser power.

5.4. Delay curve

In this section, the lifetime of level four of figure 5.4 is calculated. In order to create
the delay curve, it is necessary to delay the infrared laser. So, for many delays, the time
and the counts are estimated.

To fit the curve, a similar to the exponential decay equation, is used. The equation is
the following, where t is the lifetime.

X
y = Aexp(—>), (5.3)
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Figure 5.12. Probing the level lifetime of the fourth level

From the Fig. 5.12, the silver’s lifetime at the level four is calculated. The Ag relaxes
at this level and the lifetime is t~90ns.
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6. Summary and Outlook

The self-seeded grating-based Ti:sapphire laser is an important technical development
and an useful tool. Using mirror with a 48% reflectivity provides the highest output
power improvement compared to the non — seeded resonator. In addition the mirrors
with a reflectivity 70% and 80% showed no additional seeding effects. It is worth to
note that the partially reflecting mirror does not affect the pulse width. However, the
distance between the output coupler and partially reflecting mirror is sensitive. The
pulse width is increased, while the distance is increased. This happens due to the cavity
becomes larger. In the future, a mirror with reflectivity of between 55% and 65% will
be tested to see where the limit for the seeding effects is still visible. Intra — cavity
second harmonic generation will be a future goal. To realize that o frequency — doubling
crystal will be inserted between the output coupler and the first curved mirror.

As regards the second part of the thesis, the self-seeded grating-based Ti:sapphire laser
has already used for the search of auto-ionization states of silver and the Rydberg series
discovered. The data is under analysis. At delay curve, the silver’s lifetime at the level
four is calculated. This value is close that the reference expects to find [19]. However,
it is important and necessary to investigate more in the future. In the future, the laser
will be used for the search of atomic states on different elements.
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