
Traveling Wave Excitation of Soft X-Ray Lasers

by
Steffan Francischetti 

Spring Semester 2008

This thesis for honors recognition has been approved for the 

Department of: Mathematics Engineering and Computer Science.

CORETTE LIBRARY 
CARROLL COLLEGE



Francischetti 2 of 33

Table of Contents

• Signature page.................................................................................................. p.

• Introduction......................................................................................................... p.

• Chapter 1........................................................................................................... p.

o History............................................................................................. p.

o Basic Quantum Physics......................................................... p.

o Einstein A and B Coefficients.......................................................... p.

o Basic Laser Operation......................................................................p.

o Laser Cavity and Cavity Modes.................................................... p.

• Chapter 2........................................................................................................... p.

o The Laser System......................................................................... p.

o Traveling Wave Excitation of Soft X-Ray Lasers........................ p.

o The Step Mirror........................................................................... p.

o Aligning the Step Mirror Using a Ti-Sapph Laser........................... p.

• Chapter 3........................................................................................................... p.

o Second Harmonic Generation........................................................ p.

o Alignment using Second Harmonic..................................................p.

• Conclusion............................................................................................................ p.

• Works Cited......................................................................................................... p.

1

3

4

4

4

7

9

12

17

17

18

20

21

26

26

28

31

33



Francischetti 3 of 33

Introduction

This paper details the design and alignment of a specialized mirror that is to be 

used in the focusing system of a high-powered Ytterbium-Yttrium Aluminum Garnet 

(Yb-YAG) laser system. The laser system will be used in conducting research into soft 

x-ray laser systems specifically using traveling wave excitation to achieve higher levels 

of soft x-ray amplification. The mirror is a small part of a large system that is being 

designed to study the uses of soft x-rays for imaging systems. The system is essentially a 

high-powered microscope that will be able to image particles on the nanometer scale.

The system also explores the uses of plasma as a gain medium for soft x-ray photons.

First it is important to understand what a laser is and some of the fundamentals of 

laser operation. This material will be covered briefly in Chapter 1 so that the reader will 

have some understanding of basic laser operation. We will then cover the step mirror 

system design and alignment and the role that it plays in the larger laser system in 

Chapter 2. In Chapter 3, we will focus on the role of non-linear optics and its uses in 

the alignment procedure detailed in Chapter 2. The non-linear properties of the doubling 

crystal are critical in the alignment processes of the step mirror.
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Chapter 1 What is a Laser?

History

Light is fascinating; there are many widely varying uses of light in science, many 

of which we are still discovering today. In the early sixties Theodore Maiman made the 

first laser at Hughes Laboratory in California (Towns p.107). With this laser he was able 

to produce a narrow, high-intensity beam of monochromatic light. “Laser” is an acronym 

for Light Amplification by Stimulated Emission of Radiation. The discovery of the laser 

has led to many new fields of physics and non-linear optics. The aim of this chapter is to 

impart a basic knowledge of what a laser is and how it works. The first step in 

understanding how a laser works is to understand light and where it comes from.

Basic Quantum Physics

To understand light we must take a look at some simple quantum atomic physics. 

Atoms are the fundamental building blocks of the universe, and each atom has a 

positively charged nucleus that is surrounded by negatively charged satellites called 

electrons. When using the Bohr model to describe the allowed states of the electrons 

around an atom (which is probably the simplest quantum model of the atom), the 

electrons are only allowed to orbit at specific discrete radii from the nucleus, and each 

orbit has an energy associated with its distance from the nucleus. Orbitals farther away 

from the nucleus have more energy than those close to the nucleus.
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Figure 1: (Image from Fowles p.267). Boltzmann Energy distribution predicts 
the number of atoms that will occupy each quantum energy state. In the graph on 
the left the system is in thermal equilibrium. Note that as energy increases the 
curve falls off exponentially. The right side shows the condition needed to create 
a laser (population inversion).

Atoms will have an energy distribution according to the Boltzmann Distribution 

when the system is in thermodynamic equilibrium. See Figure 1 for a diagram of the 

energy distribution. The equation for the Boltzmann distribution can be seen in EQ.l. 

According to EQ.l, at relatively low temperatures (room temperature) the vast majority 

of atoms will be in the lowest energy state, known as a ground state. There are a smaller 

number of atoms that are in an excited state but excited states are usually unstable by

nature so an atom will not stay in an excited state for a long time. The excited electron 

orbiting an atom will decay to a lower state at a rate described by Einstein’s A coefficient 

(Fowles p.265).



Francischetti 6 of 33

n(£) = Ag(E)eE//kT EQ.l

• n(E) is the number of atoms in energy state E

• A is a normalization constant with system dependent value

• g(E) is the degeneracy or density of state E

• k is Boltzmann’s Constant

• T is the temperature of the system

In order to get from an excited state to a lower energy state the electron must give 

off some of the energy associated with the outer orbital and drop down to the energy of 

the lower orbital: AE= E1-E2, where Ei and E2 are the initial electron energy and final 

electron energy respectively. The electron must release energy in the form of light. 

Electrons emit a packet of energy called a photon, which is the fundamental quantum of 

light. The photon has energy AE that is the difference in energy of the two electron 

orbitals. A diagram of this process can be seen in Figure 2.

Figure 2: Electron Transition from outer orbital to inner orbital. Adapted 
from Wikipedia image, figure edited for notational consistency.
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All light is simply electromagnetic waves, and what we experience as visible light 

is actually a very small portion of the electromagnetic spectrum with wavelength 

approximately between 400nm and 750nm. The energy associated with a photon is 

directly proportional to the frequency of oscillation of the electromagnetic wave and 

inversely proportional to the wavelength. This can be seen in EQ.2.

E = hv and v = c IA so E = —
2

• £ is the energy of the photon

• v is the frequency in cycles per second

• A is the wavelength associated with the photon

• c is the speed of light

• A is Plank’s constant.

EQ.2.

Einstein A and B Coefficients

There are three ways that electrons can change levels. The first is spontaneous 

absorption, which involves an electron absorbing a photon that has the correct amount of 

energy for the electron to jump up between allowed states. If the photon does not have 

the correct energy for a transition to occur, the atom will be invisible to the photon and 

the photon will pass through without any effect. The second is spontaneous emission, as 

described by Einstein: the random process by which an electron drops to a lower energy 

state. The Einstein A coefficient is the fraction of atoms per second that decay from the 

upper state n, to a lower energy state nt. The number of atoms that decay each second
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from a higher energy state to a lower state, and thus the number of photons emitted per 

second between the two states is described by EQ.3.

Nsp = N2A2a EQ.3

• Nsp is the number of photons emitted per second.

• N2 is the number of atoms in state 2.

• A2,i is the fractional rate of decay between state 2 and state 1.

The third process by which electrons can change state is stimulated emission. In

this process an electron in an excited state (any state above the ground state) is impacted 

by a photon of energy E1-E2, where Ej and E2 are once again the initial electron energy 

and final photon energy respectively (note that the photon that impacts the electron is not 

absorbed: it continues on its original trajectory). This impact causes the electron to emit 

a photon that is identical to the first both in energy and phase.

Stimulated emission is the process that is necessary in order to create a laser, and 

this process naturally occurs at a rate given by EQ.4. Einstein showed that the fractional 

rate of stimulated emission between the upper and lower state B2,1 is equal to the 

fractional rate of absorption of photons between the lower and upper state Bjj (Fowles 

p.268). According to EQ.4, for the process of stimulated emission to be sustained and 

achieve any amount of light amplification there need to be more atoms in an excited state 

than in the lower state. Under normal conditions (thermodynamic equilibrium) there are 

more atoms in a lower state. According to the Boltzmann Distribution, when a system is 

in thermodynamic equilibrium the probability that a photon encounters an unexcited atom 

and is absorbed is greater than the probability that it will encounter an excited atom and 

cause stimulated emission. Thus, for stimulated emission to achieve any amount of
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amplification the system must be moved out of thermodynamic equilibrium by some 

source of energy input into the system: e.g., by a flash lamp, an electrical current, or 

some other source that will cause more atoms to be in an upper state than in a lower 

energy state, so that N2> Nj.

NSE = ^2^0^2,l EQ.4

• Nse is the number of photons emitted per second by Stimulated

Emission.

• Io is energy density.

• B2,i is the Einstein fractional rate of spontaneous emission between

state 2 and state 1.

Basic Laser Operation

The condition where more electrons are in an upper state than in a lower state is 

known as population inversion. The excited atoms begin to randomly emit photons in all 

directions based on the spontaneous decay rate N2A2,j. Most of the photons that go off in 

random directions are quickly absorbed by the walls surrounding the gain material. 

Photons that travel down the length of the gain material will randomly encounter other 

atoms in an excited state and cause the electrons to de-excite through the process of 

stimulated emission. When the electron of an excited atom de-excites it emits a replica of 

the photon that hit it. Both of the photons travel in the same direction and have the same 

phase angle. This chain reaction process continues until there are a flood of photons 

being emitted in the same direction with the same phase. This is the process by which a 

laser operates.
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It is often the case that high energy levels are unstable and the atoms will 

spontaneously de-excite to a lower energy level quite rapidly. We need to find an energy 

level that has a relatively long lifespan so that we can maintain plenty of atoms in the 

population inversion. This situation is often created in either a three- or four-level laser 

system. A diagram of the energy states of a three-level laser system can be seen in 

Figure 3.

Figure 3: Three-level laser system (image adapted from Wikipedia).

The pumping mechanism pumps the atoms up to a high energy state which is 

metastable so it has a relatively long lifetime. The atoms decay to a lower state by 

spontaneous emission and cause stimulated emission because of a population inversion 

between the upper and lower state. The lower state quickly decays to the ground state. 

Atoms that return to the ground state are quickly pumped back up to the upper energy 

level so that the population inversion can be maintained and the laser can continue to

operate.

The gain profile is the range of frequencies over which it is possible for a given 

medium to lase. This profile is caused by there being multiple energy levels close 

together in the metastable energy state. The highest frequency in the gain profile minus
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the lowest frequency is called the bandwidth of the gain profile. A diagram of the energy 

states for Hydrogen, the simplest of all atoms, is displayed in Figure 4.

Figure 4: First five energy states for Hydrogen atom (Fowles p.231).
Note as quantum number n increases, energy between levels becomes less. 

It is evident that as the energy levels increase in quantum number, the states are 

spaced closer and closer together. Consequently, gain media that have many energy 

levels spaced close together have a large bandwidth over which they can lase. Charles 

M. Sommerfield utilized an elliptical orbit of electrons and special relativity to develop 

EQ.5 which defines the energy level of each quantum state of hydrogen (Tipler p.185).

In physics, electron energy is negative, symbolizing that the electron is still bound to the 

atom; zero energy is break-free energy, meaning that the electron is no longer attached to 

the atom. As quantum number becomes large the energy approaches zero as an inverse 

square curve. In a more complicated system where there is more than one electron, there
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are many energy states associated with the spin configurations for the electrons. With 

more electrons there are more energy levels closely spaced together (Tipler p.302).

mk2e^
2ti2n2

• m is the mass of the electron

• £ is Boltzmann’s constant

• e is the electrical charge of the electron

• h is Plank’s Constant

• n is the quantum state number

EQ.5

Laser Cavity and Cavity Modes

It is often advantageous for a laser to have what is called a lasing or optical 

cavity. More photons can be created by using an optical cavity. In its most simple form 

the cavity is a full mirror at one end of the gain material and a partial mirror which will 

reflect most of the photons while allowing a small portion to pass through at the other end 

as seen in Figure 5 (Fowles p.272). The photons that bounce back and forth in the cavity 

will continue to induce more stimulated emission from excited atoms in the gain material. 

The atoms are then pumped back up to an excited state by the pump or energy source.
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Energy input by pumping

Total
reflector

Partial
reflector

Amplifying medium 

— Laser cavity-----

Output
beam

Figure 5: Optical cavity used in laser operation, Image from Wikipedia. 
The optical cavity, or resonator, will play a part in mode selection for the laser

because only certain frequencies can resonate inside the cavity. The cavity will only 

resonate at frequencies with half-integer wavelengths. Imagine a guitar string. The

string is fixed at either end and cannot move, so the lowest-frequency wave that can 

resonate on the string is half of a wave length—-dictated by the distance between the fixed 

ends. The next possible frequency is one whole wave length, then one and a half 

wavelengths. It is always necessary to satisfy the condition that the string cannot move at 

either of the endpoints. The wave can be modeled by EQ. 6 (Tipler 252).

^(x) = A ■ sin(k • x) Wave equation EQ. 6

• A is the amplitude of the electromagnetic wave

• £ is the wave number

• x is the distance from the end of the cavity along the direction of 

propagation

We impose conditions at each end of the cavity x=0 and x=L such that 

1/(0) = A ■ sin (A • 0) = 0 and 1/(Z) = A sin(A • L) = 0. The first condition where x = 0 is 

satisfied by choosing a sine function instead of a cosine function, but the condition that

CORETTE LIBRARY 
CARROLL COLLEGE
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requires the wave function to be zero where x=L allows us to solve for the wave numbers 

k that satisfy this equation.

kn = — Wave number quantization EQ. 7
k

• ATs the wave number

• £ is the length of the optical cavity

• n is the quantum number 1, 2, 3...

It can be seen in EQ.7 that there are only certain discrete wave numbers and thus 

frequencies within the gain profile that are allowed to lase when a lasing medium is 

placed in an optical cavity. In normal operation one frequency will dominate the lasing 

activity inside the cavity. Upon beginning the lasing process all of the allowed 

frequencies will be lasing weakly and randomly, but as operation of the laser continues 

one frequency will dominate and take up all of the energy available for lasing. The 

dominant frequency will crowd out all of the other frequencies. This is seen in the 

typical laser pointer: one frequency dominates all of the lasing activity.

A clear picture of a gain profile overlaid on allowed cavity frequencies can be 

seen in Figure 6. The gain profile is the range of frequencies over which it is possible 

for the laser to operate based on the number of closely spaced electron transitions which 

we described earlier. The gain profile is superimposed over the half-wavelength intervals 

of the allowed or resonant frequencies of the laser cavity. The result of the superposition 

of the laser bandwidth imposed on the cavity frequencies is the allowed output spectrum 

of the laser. In normal continuous wave (cw) laser operation one of the most intense



Francischetti 15 of 33

allowed frequencies will dominate the laser emission when the lasing process has reached 

steady state.

Many lasers used in current scientific research are mode-locked lasers. This 

means that all of the allowed frequencies are lasing at the same time instead of only one 

frequency dominating all of the lasing activity. There are several conditions that need to 

be satisfied for this to happen.

Instead of photons bouncing back and forth in the optical cavity continuously, 

with mode locking there is only one pulse in the lasing cavity at one time. The pulse 

width is determined by the bandwidth of the allowed frequencies: the wider the
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bandwidth, the narrower the pulse. The bandwidths of several of the most common lasers 

are shown in Figure 7.

A Titanium sapphire laser (Ti-Sapph) uses a solid sapphire crystal (AI2O3) where 

some of the aluminum atoms are replaced by Titanium atoms. The active atoms in the 

crystal that are associated with the lasing activity are the Titanium atoms (Paschotta Ti- 

Sapph). The atom has an extremely wide bandwidth or gain profile over which the atom 

can lase, thus allowing for extremely short pulses.

Nd:YAG/Glass
(Doubled)

0.53

line
Argon \ 

0.49 & 0.51

Dy.CaF 

2;35 dfHO;YAG / , y1" „
2.06 / ^4‘4'°

HF / CO. 
2-6-3-0/(Doubted)

Tl:
Sapphire

Alexandrite 0.68-1.13
0.72-0.8 /

' Nd:YAG & 
Nd: Glass

Copper
vapor

0.51-0.57

CO:
9.2-11

Wavelength [pm]

Figure 7: Bandwidths of various lasers, image from Wikipedia.

It is quite simple to get a laser to mode lock. It has been discovered that the

easiest way to achieve this is to disturb the laser when it is in steady state by momentarily 

disrupting the flow of light when the cavity is fully energized. This can be achieved by 

bumping one of the mirrors or prisms in the laser cavity (Rp Photonics). A mode-locked 

laser plays an extremely important role in my research which will be discussed in 

subsequent chapters.
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CHAPTER 2

Now that we have a basic understanding of how a laser works we are in a position 

to apply that knowledge to the alignment procedure of the step mirror which was the 

focus of the summer project. Before we delve into the mirror system it may be useful to 

have a basic knowledge of the soft x-ray laser system in which it is to be used. The 

system is comprised of several levels of lasers with the ultimate result of producing a soft 

x-ray laser that is used to image microscopic particles.

The Laser System

The High-powered Ultra Fast laser system uses a crystal called Ytterbium- 

Yttrium Aluminum Garnet (Yb-YAG) which has a wavelength of 1064 nm (Rp 

Photonics). It is the first level of the microscope system. The Yb-YAG laser then goes 

through several stages of amplification until it has energy between two and ten joules per 

pulse. This much energy is required because the laser is designed to create plasma by 

ablating a nickel-like metal target (the type of metal ablated dictates the wavelength of 

the soft x-ray laser light). The plasma from the ablation is the gain medium in which the 

soft x-ray laser is produced; for this laser it is designed to have a wavelength of 13.9 nm. 

The shorter the wavelength of light used in a microscope the better the resolution, thus x- 

ray light is ideal.
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Traveling Wave Excitation of Soft X-ray Laser

In the portion of the laser system where the soft x-ray laser is created there is no 

conventional laser cavity where the photons can be bounced back and forth within a 

lasing cavity through the gain medium, so instead it utilizes what is called single pass 

gain. All of the amplification of the soft x-ray laser has to be done in one pass through 

the gain medium. The longer the gain medium the more amplification the photons can 

experience as they travel through the medium.

The high-power (Yb-YAG) laser is focused onto a nickel like target in a long 

narrow line, creating plasma by ablating the target with enough energy to ionize the 

atoms of the metal. This initial pulse that creates the plasma is relatively long in 

duration, lasting between 200 and 250 ps. The long duration pulse is used so that 

sufficient plasma population can be established. Once the plasma is created a second 

short pulse (10 ps) is focused into the plasma and excites many of the ions in the plasma, 

creating a population inversion so that a gain condition exists. The The energy levels 

associated with the lasing transitions in the plasma are on the order of 13.9 nm. Using 

EQ.2 we are able to calculate that the photon energy associated with this wavelength is

89.3 eV.

The gain condition in the plasma only lasts for an extremely short time, 

approximately 10 ps. Therefore, if the line focus of the laser is longer than 3mm the 

photons are not able to cross the plasma line before the gain dissipates. The longer the 

line focus, the more gain medium there is for the photons to pass through, and this results 

in a much more intense beam. The light is also more coherent as a result of using a long

line focus.
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The laser system that I was working on was set up to have between a 4mm and 

6mm line focus. If a conventional focus system (simply one flat mirror) were to be used, 

only 3mm of the line focus would be able to contribute to amplification of the soft x-ray 

photons (this is as far as a photon can travel in 10 ps before the gain condition dissipates).

This necessitates a system that is able to create pockets of gain along the plasma 

line so that the creation of a gain condition can be timed with arrival of the soft x-ray 

photons propagating across the plasma. This is where the step mirror comes in: the 

mirrors can be staggered to create time delays for successive parts of the excitation beam. 

In essence the step mirror takes a long laser focus that arrives at the same time and slants 

the laser beam; this can be seen in Figure 8. The amount of induced lag between 

successive segments of the excitation pulse can be adjusted to time the creation of the 

gain condition in the plasma with the arrival of the photons propagating along the line

focus.

Figure 8: Slanting of wave front due to different path lengths induced by step 
mirror. Note that only 3 mirrors are shown for the sake of simplicity
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The difference in path length, and thus arrival time, that the step mirror creates 

can be seen in EQ. 8. The equation relates the amount of offset of each of the mirror 

segments and the angle of incidence of the beam on the mirror plane.

AT? = —EQ.8 
sin(y4)

• AT? is the change in light path length due to the step mirror surfaces.

• j is the offset between each successive mirror surface of the step

mirror.

The Step Mirror

The step mirror is the last mirror in the focus system of the high-power ultra-fast 

laser, and is of critical importance. The step mirror is actually five mirrors side by side on 

one mount; a schematic of the mirror can be seen in Figure 9. Each of the mirrors is 

capable of being moved independently. Three actuators are attached to each mirror to 

allow full control of the position and optical plane of the mirror. The mirrors can rotate 

about both the x-axis and the y-axis so that the optical plane can be controlled, and are 

capable of translation along the z-axis so that the timing of the arrival of each segment of 

the excitation beam at the gain medium can be controlled. The staggering or stepping 

creates a slightly different path length for each of the segments of the excitation beam in 

order to create a time delay in the arrival of each segment at the plasma gain medium.
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Figure 9: Step Mirror Design. (Solid works file CSU compiled by Brian Lee) 

Once the mirror is fabricated and assembled it needs to be aligned so that all of

the mirrors are in the same plane before it is inserted into the laser system. The 

alignment needs to be ultra precise because when dealing with photons that are traveling 

at the speed of light, even the slightest spatial misalignment of the mirrors will cause a 

large temporal error in the arrival of a segment of the excitation beam. This will cause 

errors in the timing of the creation of gain conditions as the photons propagate across the 

plasma.

Aligning the Step mirror using a Ti-Sapph laser

The alignment of the step mirror is accomplished using a Titanium Sapphire laser

with an ultra short pulse on the order of 20 fs at the output coupler from the laser cavity. 

Such a short pulse is achievable because of the extremely wide bandwidth of the Ti- 

Sapph laser which can be seen in Figure 7. By the classical uncertainty relations we
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know that the time width of a pulse is dependent on the bandwidth of the wave packet; 

the relationship is given in EQ.9 (Tipler p.217).

Ad) • Az = 1 EQ.9

A diagram of the alignment system can be seen in Figure 11. The polarization of 

the light is indicated by either a red or blue ray; red indicates that the electric field is 

oscillating in the plane of the experiment table (Ex) and blue represents oscillation in the 

vertical direction (Ey) [see Figure 10 (Hecht p.326) for a schematic of the symbolic 

representation of the polarization angle of light].

Figure 10: Visual aid for electric field orientation (Hecht 326)

An interesting problem that was encountered in the alignment system is that the

step mirror is coated to have a peak reflectivity of 1064 nm which is the wavelength of a 

doubled Yb-YAG laser (this is the type of laser that the step mirror is designed to use). 

But we were only able to use a Ti-Sapph laser operating at a wavelength of 800 nm to 

perform the initial alignment. At 800 nm the step mirror has only a fraction of its peak 

reflectivity. This necessitates a way to control the optical power which is sent to each 

pathway.
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Ideally, a Yb-YAG laser with an ultra short pulse would be used in the alignment 

of the step mirror. However, the Yb-YAG was still under development at the time that 

this experiment was set up. When the final alignment of the step min or takes place the 

Ti- Sapph laser will be replaced with the Yb-YAG laser system. The Yb-YAG cavity 

will be mode locked and capable of producing pulses as short as the Ti- Sapph laser. The 

overall process of the alignment remains the same as detailed on the following pages.

Figurell: Alignment system for step mirror.
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Non-linear optical media can have different indexes of refraction depending on 

the polarization angle of optical waves in relation to the medium. Half wave plates, or 

polarization rotators, allow light to travel faster along one polarization axis than along the 

other. This difference in the index of refraction is often due to the crystalline structure of 

the material. If the light enters the half wave plate with an angle of 0 between the electric 

field and the fast axis of the half wave plate, then the light will emerge on the other side 

of the half wave plate having rotated through an angle of 20 (Hecht p.353).

Figure 12: Demonstration of half wave plate function (Hecht 353)

The laser beam from the Ti- Sapph comes into the alignment system with an

electri c field oscillating purely in the Ex plane. A portion of this electric field must be 

converted into the Ey plane so that the beam can be split. In order to do this the beam is 

passed through a half wave plate where the electric field is rotated to have components of 

the electric field in both the Ex and Ey directions. The magnitude of the electric field in 

each of the two directions is the optical power in each of the polarizations. The ratio of 

the components is controlled by the rotation angle of the half wave plate. This effectively
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lets one split the beam into any ratio of polarization desired so that any ratio of optical 

power can be sent down the two legs of the experiment. The beam is then passed through 

a beam splitting cube where the Ex polarized beam passes straight through the cube, but 

the Ey component is turned 90 degrees and exits the side of the cube.

The Ex polarized portion of the beam can now be used as a reference beam; it is 

routed to a retro reflector so that the path length can be manipulated without affecting the 

alignment of the mirrors on the reference beam path. A retro reflector is a prism of 

mirrors (in our case it is a rectangular pyramid). A beam of light that enters the prism, is 

offset horizontally a small distance, and returned along a trajectory that is parallel to its 

incoming trajectory.

The Ey polarized component is bounced off one of the five mirrors. The majority 

of the light passes through the mirrors of the step mirror and is absorbed in the aluminum 

mirror holders because of the difference in wavelength of the Ti-Sapph and the peak 

reflectivity of the step mirror. After the light bounces off several mirrors to make the 

reference path and the mirror path parallel, the mirror ray is re-converted back to Ex 

orientation by using another half-wave plate to undo the rotation induced by the first half 

wave plate. The beams are then focused into a large lens so that they converge to a single 

point. A non-linear medium is placed at the focal point of the two beams. When the 

reference path and the mirror path are precisely the same length the pulses from the Ti- 

Sapph laser arrive at precisely the same time.

For the first mirror the retro reflector which is on a micro adjustment stage is 

adjusted to make the two path lengths the same. When the two path lengths are precisely
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the same length then the electric fields combine m a doubling crystal and their 

wavelength is halved. This process is discussed in detail in Chapter 3.

Chapter 3:

Second Harmonic Generation

Second harmonic generation is caused when light encounters crystalline structures 

with a non-centrosymmetric structure, denoted as %(2> nonlinearity. In second harmonic 

generation or frequency doubling, the input light generates another wave with twice the 

frequency or half the wavelength. In a crystalline structure, symmetry refers to a periodic 

repetition of structures. A crystal is said to have inversion symmetry, or centrosymmetric 

symmetry, when any line drawn through the center of a crystal connects identical features 

on opposite sides of the center of the crystal (ucsc).

Using a pulsed laser is a good way of generating second harmonic waves in 

nonlinear crystals, because for the same average power as a continuous laser, the peak 

power of a pulsed laser is much higher. So not only is a short pulse duration used to 

precisely align the mirror surfaces, it is also efficient in generating second harmonic 

waves of significant intensity because the pulsed laser generates brief periods of intense 

electromagnetic fields.

In order for the second harmonic wave to be sustained, the second harmonic must 

be phase matched with the pump light. In other words, two wavelengths of the doubled 

light must align spatially with one wavelength of the pump light. An illustration of the 

phase matching process can be seen in Figure 13. The mismatch in the phase matching
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must be very small for the wave to propagate; otherwise, electrical fields of the two

waves will more or less cancel one another out.

Figure 13: Phase matching of second harmonic wave. Adapted from rp- 
photonics.com. Colored circles represent atoms in crystalline structure.

The mismatch occurs because the second harmonic is generated at specific points 

in the crystal when the pump light encounters a %<2) nonlinearity between atoms in the 

crystal. The distance between points of generation of the second harmonic must align 

with one wavelength of the pump light. The easiest way to phase match the waves is to 

change the angle of the crystal to the pump light. This change of angle allows some 

control over the distance between the points where the second harmonic is generated. 

When conducting the experiment the crystal was rotated in the holder and the holder 

itself was rotated until the most intense second harmonic light was created. The process 

is simple but it is effective.

photonics.com
photonics.com
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Alignment Using Second Harmonic

Second harmonic light is generated in same direction as the pump light. When 

aligning the mirrors we use two beams of light, one from the reference path and one from 

the step mirror path. The beams are focused into the same point of the nonlinear crystal. 

If the two pump sources arrive at different times a second harmonic will be created along 

each of the pathways, but none will result from the combination of the two pathways 

unless the two pulses arrive at precisely the same time. This happens when the path 

lengths are equal. When this happens there are two different electric fields combining in 

the crystal. The path of the second harmonic wave is the vector sum of the electric fields 

of the two pump sources. The geometry of the second harmonic created by the 

combination of the two alignment pathways is shown in Figure 14.

With 50f s pulse can 
allign to within 15um

Figure 14: Second harmonic generation in nonlinear medium.

When we are generating a second harmonic signal from the combination of the

two pump sources we know that the pathways are aligned. We can record the intensity of 

the second harmonic using a photo-detector. The photo-detector is sensitive, so a filter is 

used to block all light except for the second harmonic frequency. The detector converts 

the light energy from the photons into electrical energy that can be read by an
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oscilloscope. The translation base which holds the retro reflector (shown in Figure 11) is 

adjusted until the second harmonic is most intense; this is the point where the two 

alignment paths are most nearly aligned. The main limitation in the accuracy of the 

experiment is the accuracy of the base on which the retro reflector sits for alignment. In 

the initial test we used a base with accuracy down to lxlO'6 m. This accuracy can greatly 

be increased by use of an electronically controlled linear translation stage with accuracy 

down to lxlO lom. All computer controlled linear translation stages were in use at the 

time of the experiment, however, so the less accurate base was substituted until one of the

more accurate bases becomes available.

Because of numerous electronic difficulties that were encountered w'hen dealing 

with the motors for the step mirror the data displayed in Figure 15 are from an 

autocorrelation done using a silver mirror in place of the step mirror. Further reason for 

using the silver mirror is that the only laser available at the time for the alignment was a 

Ti- Sapph laser which has a wavelength of 800 nm, whereas the step mirror was designed 

to have a peak reflectivity at a wavelength of 1026 nm. Later tests will utilize an ultra 

fast pulse Yb-YAG laser with the correct wavelength of 1026 nm for optimal reflection 

off the step mirror.
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Second Harmonic Signal

0 0.02 0.04 0.06 0.08 0.1

Position (mm)

Figure 15: Signal Strength of second harmonic wave vs. position of retro- 
reflector translation stage

As can be seen in Figure 15 the peak signal strength of the second harmonic 

wave can be easily pinpointed. Each successive data point corresponds to a translation of 

the retro-reflector stage by 1 xl0'6m. There was some amount of noise in the signal 

collected by the oscilloscope for any given position of the retro-reflector. When 

collecting the data an attempt was made to filter out the noise in the data by recording the 

maximum signal that appeared at each data point.
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Conclusion

Extreme Ultraviolet (EUV) light (soft x-ray) sources have been around for a 

while, but in order to create such high powered light it was necessary to go to a large 

facility with an electron accelerator track. Such facilities are expensive to create and 

difficult to access. Tabletop EUV sources are important to expanding the area of 

research. Colorado State University and a few other institutions are exploring the 

possibility of condensing EUV light sources into one room.

The technology is here and the lasers are being developed. The step mirror is just 

one small piece of the most recent tabletop EUV laser. The step mirror allows higher 

energies of EUV light to be generated in a small space by extending the line focus on a 

nickel-like target used to create plasma as a gain medium for generating EUV light. The 

longer the line focus, the more light amplification that occurs, and consequently more 

intense light is produced.

The step mirror was fabricated and is ready to be implemented into the system. 

However, delays in completing the Yb-YAG laser system used both to align the mirror 

and as a pump laser to ablate the nickel-like targets have delayed the completion of the 

laser system. But such is the nature of research when building new and novel systems.

The step mirror was a fun project that involves cutting edge physics. When the 

Yb-YAG laser is running it will be possible to properly align the step mirror and 

implement it into the tabletop EUV system.

The systems have many applications that will become widely available to even 

small research institutions and industry in the near future. EUV laser systems allow 

development of things such as enhanced imaging and nano-scale light etching used in
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creating super small and powerful computer chips. The technology is here and it will

play a role in enhancing many areas of our lives.
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