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Abstract:

Multi-frequency Raman generation (MRG) is a nonlinear technique to generate intense trains of
single-femtosecond pulses. The broad spectrum of different Raman orders which is spread from
near-infrared (near-IR) to UV can be used to make single-femtosecond pulses. Albeit, this
technique cannot compete with high harmonic generation technique (HHG) in pulse duration, the
small frequency spacing between different Raman orders causes to increase the temporal spacing
between the pulses, which will eventually increase the pulse power. MRG can be used in many
different nonlinear optics applications, which need intense short laser pulses.

To generate short laser pulses, the phase of each Raman order should first be corrected; then, by
coherently adding all the different orders, it is possible to get the shortest pulse. We have
experimentally observed that the Raman orders can be broadened and have a shoulder in the lower
frequency. In the best case, the first anti-stokes bandwidth can be doubled. This effect can cause
fewer pulses in the final pulse train, thereby significantly increasing the power of each pulse.

In this thesis, we use a pulse compression system based on prism pairs to compress the first Raman
order in the presence and absence of red-shifted shoulder.

We are also interested in how the temporal behavior of red-shifted shoulder and the Raman order
will be changed by using our pulse compression system, and generally, how this red-shifting can

be used in the generation of intense ultra-short laser pulses.
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Chapter 1

Introduction

“I have set my rainbow in the clouds, and it will be the sign of the covenant between me and the
earth.” [1]

More than 300 years has been passed from the day that Sir Isaac Newton showed that the covenant
between the lord and the earth can be seen everywhere, only a dispersive material is needed to
show us this beauty. Our research goal is to make high power single femtosecond pulses from the
lord’s rainbow.
Today’s technology is based on the accuracy of our measurements. As we make more progress in
many different areas, we need to have a better understanding of the superfast processes. Ultrafast
optics provides us the tool to increase our temporal resolution. These days, ultra-short laser pulses
have many different applications in different areas such as ultrafast spectroscopy, laser-controlled
chemistry, frequency metrology, optical communication, materials processing, biomedical
application, etc. These applications have one thing in common, and that is a short burst of light.
After the invention of lasers, many different methods have been invented to create short laser
pulses. Q-switching, mode-locking, high order harmonic generation (HHG), and multi frequency
Raman generation (MRG) are different methods to create short lasers pulses with different pulse
duration and energy.
Today, Ti:sapphire oscillators can easily generate pulses as short as five femtoseconds [2], and
HHG can generate the shortest pulses in attosecond regime [3], which can enable us to look at
electrons in slow-motion [1]. In this chapter, we will review different techniques for generating

short laser pulses, and finally explain the MRG’s advantages for generation of short laser pulses.



1.1 Different Methods to Create Short Laser Pulses

1.1.1 Q-Switching

One of the first methods that have been used to create short laser pulses is Q-switching
method. The word ‘Q’ comes from ‘quality factor’, which plays a crucial role in designing any
laser resonator. Q factor in laser physics is related to the loss inside a resonator. Basically, the
resonators with high Q-factors are highly desirable. To generate short laser pulses, we can
suddenly change the Q factor of a laser cavity by an active or passive device. By changing the Q
factor, we are changing the loss inside the resonator. So, how does this loss make a short laser
pulse?

In a lasing CW laser, the gain is always higher than the loss. Atoms are pumped up continuously
to higher states, and thereafter by having stimulated emission, they will come to a lower state.
Then, we have steady output power. In the Q-switching, we create a temporary loss inside our
system. This means that we stop atoms having the stimulated emission. The atoms will be pumped
to the higher states, but they cannot come to the lower state because we have created the loss in
the system. Suddenly the loss of the system will be changed, and all the atoms come to lower state.
Finally, we have a powerful short pulse [4]. This is the basic mechanism of Q- switching. By
creating the loss, or in other words, by changing the Q factor of the resonator, we can have a short
laser pulse with high intensity. This changing of the loss inside the resonator can be done by putting
active loss modulators (acousto optical modulators [S]or RF modulators) or passive modulators
(saturable absorbers [6]) inside the cavity of a laser. The duration of output pulses will be a function
of two factors. The first one is the lifetime of the atoms at higher state, which strongly depends on
the laser gain medium. The second one is how fast we can change the loss of our system. Usually,
the output pulse can have a pulse duration of a few micro seconds to tens of picoseconds with the
energy of tens of mJ in each pulse [7]. In the Q-switching, the pulse duration is always longer than
the roundtrip time, and repetition rate can be varied from a few hertz to a few Megahertz.

Q-switching is an excellent method to create powerful short laser pulses. But if ultra-short laser

pulses are needed, we need to use other techniques.



1.1.2 Mode Locking

Another technique to create ultra-short laser pulses is mode locking. The mode-locking is based
on constructive interference between different axial modes inside a laser cavity. Mode-locked
lasers usually can generate pulses in picosecond to femtosecond regime. The energy in each pulse
can be between micro joules to nano joules, and the repetition rate of these oscillators can be
between Megahertz to Gigahertz.

To generate short laser pulses, we need to use a loss modulator in the laser resonator. The loss
modulator should create a periodic loss which is matched to the roundtrip of the cavity. By doing
this, the energy will be transferred to the longitudinal modes of our cavity, and the relative phase
between the the longitudinal modes will not change. In other words, the phase will be locked. Then
constructive interference can make an ultra-short laser pulse.

Just like Q-switching, the mode-locking methods can be divided into two groups: active and
passive. In the active mode-locking, an electronic loss modulator is responsible for creation of a
periodic loss. However, in the passive mode-locking a saturable absorber creates the loss. This
absorber creates a high loss for low-intensity pulses. It allows only the pulses with high intensity
to pass, and the recovery time of the saturable absorber should be lower than round trip time
(because we want that one pulse to pass!). In a mode-locked laser, the pulse duration is always
shorter than the roundtrip of the cavity, which will cause to have a pulse in the cavity at any
moment. Moreover, the length of the cavity is the primary factor which determines the repetition
rate of the oscillator.

Kerr lens mode-locking [8] is another passive way to make ultra-short laser pulses. These days the
Ti:sapphire oscillators based on this technique can make pulses as short as five femtoseconds.
Kerr lens mode-locking (KLM) is based on Kerr effect. This effect is a nonlinear effect which can
lead to changing of the refractive index of the medium. This change in refractive index will cause
the medium to work as a lens for ultra-short laser pulses, which is called self-focusing. This self-
focusing effect causes the material to works as saturable absorber, which eventually makes a
periodic loss in the system. This effect is the basis of the Kerr lens mode-locking, which many
these days’ oscillators uses this principle to generate ultra-short laser pulses. [9]

Ti:sapphire crystal has a high nonlinearity and also a broad gain bandwidth. These two factors
make this crystal the best candidate for generation of ultra-short laser pulses by Kerr lens mode-

locking technique.



1.1.3 High Harmonic Generation

The main limitation to creating shorter laser pulses is the central frequency of a carrier wave. This
central frequency will determine the temporal resolution of a pulse, which is the duration of one
single optical cycle. This limitation explains why Ti:sapphire oscillators cannot make pulses
shorter than five femtoseconds. To push the boundaries of ultrafast optics, we need to move to
shorter wavelengths, and high harmonics generation(HHG) is one of the widely used ways to reach
XUV and soft X-rays.

HHG can happen by focusing a very intense laser pulse into some specific gas (usually
monoatomic gas like Neon or Argon). After that, the gas molecules will modulate the frequency
of incident laser beam and generate odd harmonics of the incident beam. These harmonics can
easily reach soft X-ray. This harmonic generation is a coherent process wherein these harmonics
are highly correlated to each other. By correcting the phase of these harmonics it is possible to
generate attosecond pulses. The world’s shortest pulse generated by HHG up to date is 43
aottosecond. [10] HHG, however has a big drawback namely efficiency. This means that HHG
cannot be used in many applications which need powerful pulses, and the output of HHG cannot

be used for nonlinear experiments.

1.1.4 Multi Frequency Raman Generation

Multi frequency Raman generation (MRG) is a nonlinear technique to create single femtosecond
laser pulses [11]. The temporal resolution of this technique is not comparable with HHG, but the
energy of each pulse can be high (mJs), which will enable us to use MRG in areas that need intense
pulses.

Just like the other short laser pulse generation methods, MRG also needs a broad spectrum. In the
MRG, different Raman orders of a specific medium will be used to make a frequency comb from
near IR to UV. This broad spectrum will enable us to create intense single-femtosecond pulses.
The efficiency of MRG is much higher than HHG’s, making MRG the best choice for applications
that need intense short laser pulses.

MRG can be achieved by pumping a Raman medium using two powerful pumps coupled to the
Raman transition of a specific medium. Stimulated Raman Theory can describe the process. The

Raman medium can modulate the incident frequency and scatter the Stokes and anti-Stokes orders



[12]. This process can happen over and over again. These scattered orders can cover a broad

spectrum.

All of the orders will be generated through a x> process, which is the main reason for having

higher efficiencies. Figure 1.1 shows the chain process of MRG, which eventually can make a

broad spectrum.

Virtual states

Raman state

A 4 y Ground state

Figure 1.1 Energy level diagram for MRG

When the pumps intensity becomes sufficient, MRG can cover a broad spectrum



1.2 Literature Review of Pulse Compression Using Multiple Raman
Orders

After the 90s, by using MRG, different techniques have been developed to create 1fs pulses. A
good example of that has been done by Kung and his group [13]. They have used 2 nanosecond
pulses of frequency w, and 2w,, which were coupled to Raman state of H, molecules. This
resulted in different phase locked Raman orders, which made a frequency comb. In this study, they
used four prisms and one phase modulator to generate pulses as short as 850as.

Practically, MRG can be studied in three different temporal regimes. These regimes can be
understood by comparing the dephasing time of the molecules (Ty4) to the duration of the pump
pulses (T,). Dephasing time of the molecules is a function of the molecular collisions, which cause
atoms not to act coherently [14]. In the adiabatic regimes, the pumps’ duration is longer than the
dephasing time (T, > Tj). In the transient regime the dephasing time and pumps’ durations are the
same (T, = Ty), however in the impulsive regime, the pumps duration is smaller than the
dephasing time (T, < Tg). A great review generation of ultra-short laser pulses by using Raman
excitation has been written by Baker and his colleagues [11]. Further, the most important
experiments in this field will be explained.

Harris and Sokolov have theoretically studied the MRG in the adiabatic regime [15]. The most
important result of their theory is that the Raman orders can be phased. It means that the relative
phase between the orders will not change. Then, by adding the orders together and temporally
overlapping them, it is possible to make short laser pulses. They have also experimentally
conducted an experiment to generate short laser pulses in the adiabatic regime. They used a four-
prism delay line and a liquid crystal phase modulator to time the seven Raman orders, which were
spanning from the 1.56 pm to 410 nm. After timing all the seven orders, they generated pulses
with the temporal duration of 1.6 fs, pulse separation of 11 fs, and the peak power of 1 MW [16].
Katsuragawa and his group used a dual-wavelength injection-locked Ti:sapphire laser and liquid
N3 as the Raman active medium to adiabatically generate Raman orders. Finally, they used a setup
base on chirp mirrors to time up all the Raman orders and generate pulses with the duration of 20
fs, repetition rate of 10.6 THz, and peak-power of 2 MW. The main drawback in the adiabatic

regime is the low peak power of the generated pulses. Since, the repetition rate in this regime is



very high, the result is the pulses have low peak power, which eventually makes this technique not
suitable for nonlinear experiments.

In order to have MRG in the impulsive regime we need to use pump pulses with the duration of a
few-femtoseconds. Theoretical works and simulations have showed that in this regime it is
possible to generate a broad spectrum to produce half-cycle-pulses [17]. But in practice, it has been
shown that self phase modulation will happen and compete with Raman process, therefore,
decreasing the efficiency of Raman generation [18] [19]. In order to avoid this problem, we can
use another pulse with lower energy and delay. This can increase the efficiency of Raman
generation without having self phase modulation [20] [21]. It has been predicted that this technique
can generate spectrum, which is sufficient for producing 1fs pulses. Also by changing the injection
time of the probe pulse, it is possible to be sure of arriving in phase, hence, causing to have good
pulse compression [22] [23].

According to previous studies, researchers have shown that it is possible to generate 3.8fs pulses
by exciting the Raman state of SFs gas [24] .Researchers have also showed that generating 23fs
pulses is possible by using N, as Raman active medium [25]. The next studies in impulsive regime
needs to generate wider spectrum. But because of the nonlinear interactions, this generation can
not be simply done by increasing the energy of the input pump pulses.

Comparing to transient and adiabatic regime impulsive MRG is not suitable for generating ultra-
short laser pulses. The main reason is that in this regime the interaction between the SPM and the
MRG will effect the final output spectrum [26]. Also, as previously mentioned, it is not possible
to generate pulses with high peak power in the adiabatic regime.

The next regime for studying MRG is transient regime. MRG in the transit regime was first
observed by Irie and Imasaka through using the H, as the Raman active medium and a UV excimer
laser as a single pump [27]. Sali and his colleagues has also shown that by using two color
pumping in the transient regime, it is possible to generate a wide spectrum in both H, and CHy
[28].

Now we can mention the advantages of generation of Raman orders in transient regime. MRG in
the transient regime has many advantages to generate ultra-short laser pulses with high peak power.
In this regime, it is possible to avoid the SPM affect and generate a wide spectrum, but generating

ultra-short laser pulses in this regime needs special care on phasing the Raman orders. Not only it



is required to time up the orders, there is the need of phase locking the orders by compressing each
order to its Fourier transform limited pulse durations.

Sokolov has studied generation of short laser pulses in the adiabatic regime. They have pumped
D, cell by using Nd: YAG and Ti:sapphire laser. Further, they have used a single prism and a few
tilted glass plates to time all of the orders to get a short laser pulse. [29]

Our following research in this thesis is in transient regime. The short term goal of this research is
to compress the first anti-Stokes order by using a simple prism compressor. The long term goal of
this research is to compress the other orders and time up the orders to generate single-femtosecond

pulses.



1.3 Introduction of the Experimental Section.

In our lab, the MRG have been studied in the transient regime, which can provide maximum
numbers of coherent orders [30].

The Raman media can be chosen from different liquids, solids, and gases samples [31], but the H,
is the most common material which has been used for the generation of different Raman orders.
The main reason for choosing the H, is the simplicity. H, is not an expensive material, can be
available in the pure format, and many other reasons made this gas an excellent candidate for
MRG. In our lab, we use Sulfur hexafluoride (SF) for generating different Raman orders, and the
main reason that we use this gas is that the Raman frequency of this gas is matched with the laser
setup that we have in our lab. We use a dual wavelength Ti:Sapphire CPA system for generating
the two pumps. The frequency separation between these two pumps can be set to 23.25 THz to
resonate with the Raman frequency of Sulfur hexafluoride (SFs).

To avoid self-phase modulation (SPM), we leave a linear chirp on the each of the pumps. This
can be easily done by placing the grating in front of the optimum place. One of the back mirrors
in the Grating compressor is placed on a portable stage, which will enable us to control the delay
between the pumps, and to change the instantaneous frequency between the two pumps. After the
grating compressor, the two pump pulses with the total energy of 1.5mj will be directed to the
hollow fiber, which is filled with SF¢ gas. After the fiber, we have different Raman orders, which
are spread from the infrared to the UV. Our Raman orders are highly correlated to the pumps. They
will have the same chirp as the pumps have. The final step is using a pulse compression system to

compress the first Raman order.

1.3.1 Research Goal

Because we are studying the MRG in the transient regime, all the Raman orders and the pumps are
coherent and can be coherently added together. To add all the different orders together, the phase
of the orders should be corrected. Our pulse compression system can do this. By using two prisms
pair pulse compression system, we have successfully compressed the first anti-stokes order to its

Fourier’s transform limit, which is around 300fs.



By changing the delay between the two chirped pumps, we can change the instantaneous frequency
separation between them. This change in the instantaneous frequency can cause red-shifting for
the Raman orders [32]. Figure 1.3 shows the spectrum with and without red-shifted shoulders. We
do not have any theoretical description for this process, but we think that this effect can be
beneficial because we can change the frequency spacing between the Raman orders. By changing
the spacing, we can have fewer pulses in our final pulse train, which means the final output power
can be increased significantly.

In this thesis, we use our pulse compression system to compress and study the phase behavior of

the first anti-Stokes order in the presence of the red-shifted spectrum.
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Figure 1.2: Measured MRG spectrum. (a)without red-shifted shoulders
(b)with red-shifted shoulders
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Chapter 2

Theory & Background

2.1 Description of Short Laser Pulses

In order to describe a short laser pulse, let us first start by describing a plane monochromatic wave.

We have the Maxwell wave equation:

02E  10%E 2.1)

327 car

The solution for this equation is a plane monochromatic wave.

E(t,z) = Ejel(@ot=k2) 4 ¢c (2.2)

Equation 2.2 describe the nature of a plane wave, which has one frequency. In the real world there
is not any source, which can produce monochromatic light waves. All of the light waves have a
limited bandwidth, which does not allow them to be a single frequency. But, in many cases the
bandwidth for a CW laser is negligible. For example, a typical He-Neon laser has the bandwidth
of 0.002nm, which is very small and can be called monochromatic.

In order to describe a CW laser pulse, we also need to solve the Helmholtz equation, which is:

(V2 + k?)E(x,y,2) =0 (2.3)

The solution for equation 2.3, provides us the general representation of a Gaussian laser beam,

which is:

i i PG 5o 0] (2.4)
E(x,y'z) = ]Oe w?2(2) e -t 2R(2) ]e[—ikz—q)(z)] + cc

11



where w(z) is the spot radius at z

N (2.5)
w(z) =wy [1+ (—)
ZR
R(z) is the curvature of the wave fronts, which is:
2 2.6
R(Z):le-l_(i)l (26)
ZR
@(z) is phase shift where:
(2.7)

z
¢(z) = arctg(—)
ZR
We can also add the temporal phase term to the E field equation, then the final equation for a
CW laser pulse will be:

CER kG ey 2.8)
E(x,y,2,t) = Jle @@ ¢ " 2R@ Jliwot-kzto@+e®] 4 cc

Short laser pulses have a broad spectrum, which will determine the duration of the transform
limited pulse. For describing a short laser pulse, we also need to add a temporal term, which

normally is also a Gaussian function. Then, we can describe it as follows:

_(L) [_x2+y2] k(x?+y?) (2.9)
E(x,y,z,t) = /I, e \o/ e @%@ ¢ 2R@) lpliwot=kz+o@-0@)] 4 ¢

where w, is the carrier frequency of the pulse.

Description of Pulse in Temporal Domain:

As we can see in equation 2.9, the description of short laser pulses is very complicated. Then, for
simplicity we just look at the temporal profile of the pulse. We also ignore the complex conjugate

term for simplicity. After all of these simplifications, the complex field will be:

E(t) = JI(t) el@ot=0®) (2.10)

Which w, is carrier frequency of the pulse.
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Description of Pulse in Frequency Domain:

In many cases, it easier to describe a pulse in the frequency domain. By using Fourier

transformation, we can move from temporal to frequency domain. Then we have:

1 (** . (2.11)
E(w) = —f E(t)e @t dt
21 )_o
Then, we can write the electric field as follows:
E(w) = [S(w)e'®@ (2.12)

Where ¢ (w) is called spectral phase, and S(w) is called spectrum, which will be measured by the
spectrometer. By using the frequency domain definition of a pulse, we can more easily describe

the propagation of a pulse inside a medium, which will be discussed in the next section

2.2.1 Dispersion:

Dispersion in optics is based on the dependence of refractive index on the frequency. This will
cause waves with different frequencies to face different speeds in the medium. In the ultra-fast
optics, controlling the dispersion is crucial because short laser pulses have a relatively large
bandwidth. Then, different colors have different speeds, which will cause broadening of the pulse.
So, it is important to have full control on the dispersion in ultra-fast optics. The following picture

shows the dependence of refractive index of SF10 glass on frequency:

Refractive index

168 / i

166 1 1 1 1 1 1
100 200 300 400 500 600 700 800
Frequency (THZ)

Figure 2.1: refractive index of SF10 as the function of frequency [33]
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As we can see in the last picture, in a normal dispersion region, the refractive index will increase

with frequency. The Sellmeier equation will describe this dependence of [34]:

B2 2.13)

2(7) — i

n2(1) 1+ZCi—/12
L

where C;, and B; are the Sellmeier coefficients. This equation shows that different materials can
have different electronic response to the different frequencies. The following table shows the

Sellmeier coefficients for four different materials [34]:

B, B Ci(um) Co(um)
SF10 1.616259 0.2592293 0.01275345 0.05819839
BK7 1.039612 0.2317923 0.006000698 0.02001791
Fused silica 0.696166 0.4079426 0.004679148 0.01351206
BAK1 1.1236566 0.3092768 0.006447427 0.02222844

Table 2.2: The Sellmeier coefficients for four different glass

When a pulse enters a medium with dispersion, after passing the length L it will face a change of
spectral phase change, which is:

Ap(w) = %n(w)L (2.14)

Another approach to describe the change of spectral phase of a pulse is using the Taylor expansion

around carrier frequency wy:

d 1d3 2.15
B@) = o + 3o (@ — wo) + ? b

The first term, ¢, is called the absolute phase, which describes the exact phase of the carrier

frequency. The second term, %, which is the first derivative of the spectral phase, is group

14



2
velocity. The third term, Z—wd;, is called the group delay dispersion(GDD), the fourth term which is

the third derivative of the phase is called the third order dispersion(TOD), and so on.
¢, and % do not have any effect on the shape of a short pulse. % is also called group delay,

which only causes the delay in time. But GDD, TOD and other orders have very important impacts
on the behavior of a short pulse.

Generally, when we have laser pulses as short as 100 fs, the GDD plays the key role and needs to
be considered, and compensated if needed. If we have pulses as short as 30fs, the TOD also needs
to be considered, and if we have pulses less than 10fs, higher orders also need to be considered.
When we have a short pulse with only the absolute phase, we call it transform limited pulse. For

example, the following picture shows a 10 fs transform limited pulse.
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Figure 2.2 The electric field of a Gaussian pulse with flat temporal phase

For a Gaussian transform limited pulse, we have the following relation between the frequency

bandwidth and the minimum pulse duration:

2In2 2.16
AvAt = — (2.16)

This equation shows how short our our pulse can be for a given spectrum. For example, in order
to have 10 fs pulse, we need to have at least 100 nm bandwidth centered at 800nm, which is on

practice achievable by using a Ti:sapphire crystal.
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Adding different GDD, TOD, and higher order dispersion will significantly change the temporal
shape of the pulse. For example, adding the GDD to 10 fs pulse will cause the pulse to be broader.
In practice, the broadening of an optical pulse inside an optical medium is function of group
velocity mismatch multiply the length of optical path, which is called GDD. The following picture
shows how a 10 fs pulse will change by adding just GDD.
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Figure 2.3 The electric field of a Gaussian pulse with quadratic temporal phase

Now the question is how does the duration of the pulse change by adding a known amount of
GDD. If we have a Gaussian shape pulse, the following equation predict the final pulse duration

after by adding a known GDD:

> (2.17)
T <4ln2><GDD>
1+ (————

2
To

where 7, is the initial pulse duration, and 7y is the final pulse duration.
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2.2.2 Material Dispersion (Group Delay Dispersion):

When a short laser pulse passes through a medium, different colours will be separated. This is
mainly because of group velocity mismatch between different colours. Normally, group velocity
will increase by increasing wavelength. Then the head of the pulse will be shifted to the red, and

the tail of the pulse will be shifted to the blue.

- -—

Figure 2.4: Broadening of a laser pulse by propagation through a dispersive material

To understand the exact effect of dispersion on short laser pulses, we need to get back to equation

2.18 which is:

1 d%¢ 143 (2.18)
Ew(a)—wo)2+— (0 = w)® + -

d
B@) = o + 3o (@ — wo) + skl <

In order to calculate the different derivatives when our pulse is passing through the medium with

the length of L, we can write the spectral phase as follows:

P(w) = k(w)L (2.19)

Then, we can easily calculate different derivatives of the spectral phase. After some calculation,

we have the following equations for different derivatives [35]:

dp  d L (2.20)
T = L 1o k(w) = % = Group delay
b L )= 12D o delay dispersion(GDD) )
Joz = Lgak(w) = Lo—m—=7— = Group delay ispersion( )
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(2.22)

d3¢ A4 <3 @ En)

- a1 EVE

73 = Ll ) = Third order dispersion(TOD)

2.2.3 Dispersion Compensation

As we have mentioned before, dispersion can affect the temporal profile of a short laser pulse.
Different dispersion orders have different effects on the temporal behavior of a pulse.

Dispersion in the short laser pulses usually can be compensated by changing the optical path for
different colors. There are many different setups to do that: Prisms, grating, chirped mirror, spatial
light modulators, etc. However, prism ad grating setups are the most common solution for
controlling the dispersion. Now we review the basic concepts of grating and prism compressors in

this chapter.

2.2.3.1 Grating Compressor

Treacy grating pair:

Treacy was the first one who have shown that two parallel gratings can be used to introduce
negative dispersion [36]. Since then different setups of grating pairs have been used to control
dispersion in the field of ultra fast optics. The most common setup is shown in the figure 2.5. Two
parallel gratings and one back mirror can be used to introduce negative dispersion for compressing
a pulse. The phase of the grating compressor will be [35]:

, (2.23)
4w G secOp 2nc 2
Gorating (@) = Y 1- <_d - Sm@i)

w

Grating

Retro reflector

Grating =

Figure 2.5: Treacy grating pair setup
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Where G is the separation between the gratings, d is the grating period, and 0; is the incident
angle. The second and third order dispersion of the grating can be easily calculated and will be as
follows [24]:

0%¢ 2B Gsecd, _ , (2.24)
Tl = me?d? cos? o, = Group delay dispersion(GDD)

3¢ —31*G secO, A sinbp . ) , (2.25)
T0F — I7203g7 cos? o Jcos? o | = Third order dispersion(TOD)

As we can see GDD is always negative, and TOD is always positive for this grating pair.

Grating pair with internal lenses:

Another way to use gratings for dispersion compensation is to use two gratings and two lenses to
make a pulse compressor or stretcher [37] [38]. Figure 2.6 shows this setup. In this setup, the
dispersion can easily be controlled by changing the distance between the gratings (I; + [;). If the
[, + 1, > 0, the setup works as a stretcher. If the the [; + [,<0, the setup works as a compressor,
and finally if the [; + [, = 0 ,it can be used as a pulse shaper.

The second order dispersion of this system (GDD) is given by [35]:

%9 B+ 1) (2.26)

dw? mc?d? cos? 6

Roof mirror

Grating

Grating

,
“, §
1 %, —p
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2f f
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Y

Figure 2.6: Grating pair setup with two internal lenses
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2.2.3.2 Prism Compressor

Prisms are another technique for providing angular dispersion, which are widely usable in ultrafast
optics as a dispersion compensation technique [39]. Prism pairs have their own advantages and
disadvantages for dispersion controlling. The main advantage of prism pair is that they have low
loss, which makes them an excellent choice for controlling the dispersion inside a laser resonator.
On the other hand, compared to grating pairs, prism pairs provided a very limited angular
dispersion, which is their main disadvantage. Then, in order to have a high GDD, the separation
between the prisms should be increased, which is not possible in some applications.

The final dispersion term of a prism pair has two different terms, one of them is coming from the
material dispersion, which has a positive sign, and the other term is coming from the angular
dispersion, which has a negative sign. This will make it easier to tune the dispersion of a pulse by
using prims pairs.

To have pulse compression systems working in their best condition, special care for alignment is
needed. Usually, we use the minimum deviation angle for aligning the prism compressor systems.
The result of using the minimum deviation angle is that the beam path will be symmetric. So, the
incident angle and the exit angle will be the same. This makes the tuning very easy because by
moving the prisms perpendicular to the beam path, the exit angle will not be changed. Then, this
vertical movement does not have any effect on the misalignment of the beam; but, we can use it to
control the amount of the glass in the beam path, which means tuning the GDD. The following

picture, shows a prism in the minimum deviation condition:

Figure 2.7: Prism sequence for dispersion control in the minimum deviation condition.
In this condition the, perpendicular movement of the prisms does not change the beam path.[15]
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We also know that the minimum deviation angle is a function of the apex angle. Then, by choosing
the apex angle wisely, the incident angle and exit angle can satisfy the Brewster condition. This
will significantly reduce the loss of the whole system. (This is the main reason that P polarized
beam will face a low loss in the prisms)

The following equations will provide the second and third order dispersion of a prisms pair system

[35]:

%p A3 { dn\? d?n 1 } (2.27)
90?2~ 2z UAlser (ﬁ) = 2Lglass W*(Zn‘ﬁ)
3¢ 2t { dn\> 1 d?n (2.28)
9w n2cs UOlser (a) = plotass 5z

Where Ly, is the distance between the two prisms, and Lgia 1 the length of the beam path inside
the material.As we have mentioned before, the second and the third order dispersion of the prisms
each have two terms with different signs, which make the prism pairs an easy option for tuning the
dispersion. There are different setups for prism compressors. These different setups have one thing
in common, which is the beam should pass through the prisms four times to minimize the special

chirp in the output. The following pictures, show the different setups for prism pairs [40]:

Figure 2.8: Four prism compressor setup [40]
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Figure 2.12: Double prism compressor setup [40]

Figure 2.13: Single prism compressor setup [40]

22



2.3 Ultra-short Pulse Measurement and Correlation Technique

In the field of ultrafast optics, it is critical to have enough information about the temporal and the
spectral profile of a pulse. There is a solid connection between the spectrum and the duration of a
pulse. As we have mentioned before, for a Gaussian transform-limited pulse, we have the

following relation between the frequency bandwidth and the minimum pulse duration:

2In2 2.29
AvAt = —n ( )

However, this equation is only valid for transform-limited pulses. If our pulse has higher order
dispersion terms (like second order dispersion), the pulse will be broader. Then, the equation 2.29
cannot describe the temporal behavior of our pulse. So, in this case, the spectrometer is not enough
to reveal information about the temporal behavior of a pulse. We need to measure the pulse
duration with other techniques.

Moreover, the laser pulses in the femtosecond regime are much faster than the temporal response
of the electronics device. Then it is not possible to use oscilloscopes and photodiodes to measure
the duration of ultrashort laser pulses. In order to measure the pulses in the femtosecond and
attosecond regime, we can use a copy of a pulse as a gating function to get more information. This
will be the basic concept of the autocorrelation technique.

In our lab, we are using a single shot autocorrelation setup to measure the temporal profile of a
pulse. In section 3.3, we have explained this technique's setup in detail. So, in this section we only
review the basic concepts of the intensity autocorrelation theory.

In this method, we use a beam splitter to divide a pulse into two separate copies. By giving a delay
to one of the pulses, they can spatially overlap inside a nonlinear medium. This can eventually
cause to have nonlinear interaction such as the second harmonic generation (if the phase matching
condition is satisfied). The intensity of the SHG pulse will be a function of the time delay between

the pulses. The SHG’s intensity will be as follows:

Iene (¥) < I(O)I(t = T) (2.30)
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However, the electronic devices are too slow to measure the temporal behavior of the SHG’

intensity. But, they can measure the intensity autocorrelation, which can be defined as follows:

A%(7) = f +001(1:)1(1: —7)dt @31)

It is clear that SHG generation can only happen if the two pulses are overlapping in time. Then,
the intensity autocorrelation is a function of the temporal profile of the pulse.

So, the question is that what kinds of information we can get from the intensity autocorrelation of
two optical pulses? It is clear that if the delay between the pulses be zero, the autocorrelation
function has its maximum. Also, if the two pulses do not have any overlap, the autocorrelation
function will be zero. Autocorrelation has its ambiguities. The main three ambiguities are the
direction of time, spectral phase information, and finally the unity of the results. Now, let us
explain these ambiguities.

The first ambiguity, direction of time, means that a pulse and its time reversal copy have the same
autocorrelation. The second ambiguity, spectral phase information, means that we cannot extract

any information about the exact spectral phase of a pulse. The only information that we can get is
. . . 2In2 . -
to use the time-bandwidth equation, AvAt = Tn, to calculate the duration of the limited transform

pulse. If our measured autocorrelation gives us the same result, then we can say that the pulse’
spectral phase does not have any second or higher order terms.

The third ambiguity, unity of the results, means that different pulses with different intensities can
have the same intensity autocorrelation curves, which makes the de-convolution impossible in
some cases (even Tom Cruise from the Mission Impossible movies cannot make it possible) [41].
This is one of the most significant drawbacks of the autocorrelation technique, but in our
experiment, it does not affect our results because we do not use any pulse shaper in our laser setup.
Then, we can assume that our laser pulses have a simple Gaussian shape profile (I would like to
confess that this assumption made my life much more comfortable in the last two years).

Now, the question is that what is the exact relationship between the autocorrelation curve and the
intensity profile of the pulse? The answer is: if we have a Gaussian shape pulse, the FWHM of an

autocorrelation curve is 1.4 times wider than the FWHM of the intensity profile of the pulse.
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Chapter 3

Experimental Setups:

3.1 Dual Wavelength CPA System:

Figure 3.1 shows the overview of the experimental setup for our project. Our setup is based on a

dual wavelength CPA system, which will provide us with two pump pulses [42]. The pump pulses
are centered at 786 nm and 836nm, which is perfectly matched with the Raman transition of SFg
gas. We are using SF to generate Raman orders for two reasons. The first one is that the spacing
between the Raman states of this specific gas matches with the experimental laser setup that we
have in the lab. The other reason is that the frequency spacing between the Raman orders of SFg
is relatively small, which will enable us to have fewer single-femtosecond pulses in the final pulse

train with high peak power as the output.

Ti : Sapphire
Mode-locked Oscillator

_ |

Dual wavelength pulse stretcher

[ Regenerative Amplifier J
[ Multi-pass Amplifier ]

Dual-wavelength pulse comressor
—

@ual wavelength CPA system ) -<

Hollow Fiber Assembly

Pulse characterlzatton
Pulse compression

Figure 3.1: Flowchart of our experimental setup
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3.1.1 Femtosecond Oscillator

As the primary source for the seeding of our CPA system, we are using a commercial Kerr-lens
mode-locked Ti:Sapphire oscillator (FEMTOLASER Scientific PRO).

This oscillator is shared with Dr. J. Sanderson’s lab. It generates 10 fs pulses with a central
wavelength of 800nm. The repetition rate of the oscillator is 75 MHz, and the average power is
400mW. We are using a beam splitter and direct 50% of the oscillator’s output power to our lab
by using a 30m optical fiber. This beam will be used for seeding our CPA system to generate two

distinct pump pulses. Figure 3.2 shows the measured spectrum of our oscillator and figure 3.3
shows the inside cavity of this oscillator.
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Figure 3.2: Measured spectrum of the oscillator

Figure 3.3: Inside view of the oscillator
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Concave mirror

3.1.2 Dual Wavelength Pulse Stretcher

The first stage of any CPA system is stretching the pulse. After the oscillator, we have a 30 m long
optical fiber and a pulse stretcher to broaden the pulse from 10 fs to 1ns. Figure 3.4 shows the
setup of our stretcher. We have used a prism pair, grating, and a concave mirror to build this
stretcher (Martinez-type stretcher) [43]. This stretcher also works as a frequency filter. By
changing the position of the two back prisms, we can select the specific parts of the spectrum to
be stretched and directed to the Regenerative amplifier.

Our stretcher is equivalent to the “two grating and two lenses” stretcher. In our setup, we use a

concave mirror instead of the lens for simplicity. Figure 3.5 shows the spectrum of the seeding

beam after being filtered and stretched.
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Figure 3.4: Pulse stretcher setup
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Figure 3.5: Measured spectrum of the seed beam after stretcher

27



3.1.3 Regenerative Amplifier

The most important part of our Dual-Wavelength CPA system is the Regenerative amplifier. Then,
the alignment of this part plays a significant role in the total performance of the whole system and
needs special care. This Regen is designed to only amplify two specific narrow part of the
spectrum. Figure 3.6 shows the design of this amplifier, which we have made in our lab.

We use the output of the pulse stretcher for seeding this Regen. Our Regen is an X shaped cavity
with four mirrors. Two of the mirrors are concave mirrors enabling us to have a stable cavity. We
also use two prism pairs inside the Regen cavity, designed to separate the two seeding beams, and
control the exact spectrum of each of them. By having two slits after the prisms, we have the full
control of the bandwidth of each wavelength. Usually, we set the bandwidth of each pump to
around 3 nm. The long wavelength is centered at 837 nm, and the shorter one is centered at 786nm.
The gain medium inside our cavity is a Ti: Sapphire crystal, which matches our oscillator’s crystal..
We use a Q-switched Nd: YAG laser from Spectra-Physics to pump the crystal. The output of this

laser is 532nm, which is perfectly matched with the absorption spectrum of our gain medium.

Spatial filter

>

From stretcher

Prism pair

Pockel’s cell

To the multi-pass

Polarizer

i Gain medium

Photo diode I \ v— I >

Concave mirror Concave mirror

Pump

Figure 3.6: Dual wavelength Regenerative amplifier setup
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One of the back mirrors in the cavity (usually the long wavelength’s mirror), has been put on the
translational stage. By changing the position of this back mirror, we can make sure that the two
colors are together and the cavity has the same repetition rate for both of the colors.

The combination of the Pockel’s cell and the polarizer work as the optical switch in our cavity
[44]. This optical switch will make a periodic loss inside our cavity, and trap the seeding beam
inside of it. The energy of the pump will be transferred to the trapped seeding pulse inside the
cavity. Finally, the optical switch changes the loss of the system, and the pulse with the highest

possible energy can be extracted from the cavity. Figure 3.7 shows the output spectrum of two the

different colors, which is coming out from our Regen.
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Figure 3.7: Measured spectrum from the Regenerative amplifier

Now, let us briefly explain how the combination of a polarizer and a Pockel’s cell can works as an
optical switch. We are using a commercial Medox Pockel’s cell in our lab. The main advantage
of a pocket cell is that by changing the voltage, we will have full control over the polarization of
the laser beam. Inside of the Pockel’s is a KDP crystal, which is a birefringence crystal. By
applying a certain amount of voltage, the ordinary (O) and extraordinary (e) refractive index of
this crystal will be changed. Then, this crystal can act as a half wave plate or a quarter wave plate.
The seeding beam, which is coming from the stretcher, has the S polarization. The seeding beam
will be reflected from the polarizer (Brewster effect), and it will go through Pockel’s cell. The
Pockel’s cell initially is off, which works as a quarter wave plate. Then, the seeding beam will
have a circular polarization. After the Pockel’s cell, it will be reflected from the back mirror and

will pass through the Pockel’s cell one more time. Then finally the seeding beam will become P
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polarized. The seeding beam will pass through the polarizer and enter the cavity. When the pulse
enters the cavity, the voltage on the pocket cell will be changed, and the Pockel’s cell will become
to a half-wave plate. It means that the P polarized seeding beam will be trapped and oscillate inside
the cavity. The following picture shows how the energy of the seeding pulse inside a regenerative
amplifier will be changed as a function of the round trip. Frantz Nodvik equation for the gain can

explain the behavior of figure 3.8 [45].
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Figure 3.8: Output energy of the Regenerative amplifier as a function of the round trip

As we can see from figure 3.7, the energy of the amplified pulse will initially increase and finally
decrease. To have an excellent amplification, the optical switch should be opened in the optimum
case, and the pulse should be extracted with maximum energy. To have this scenario, the voltage
of the Pockel’s cell will be changed again, and will become a half wave-plate. In this case, the
trapped amplified pulse will be extracted from the Regen cavity because the polarization will be
changed again to the' S' state, and will be reflected from the polarizer.

The performance of the Pockel’s cell is a crucial part of our setup. We need to monitor the
performance, and try to avoid having amplified spontaneous emission (ASE). To monitor the
overall performance of the Regen, we use a fast photodiode behind one of the concave mirrors to

look at the small leakage. To have an excellent seeded and amplified pulse, we need to have sharp
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spikes which represent the seeded pulse, and the background represents the ASE. Figure 3.9 shows

the signal of a fast photo diode in two different cases of having a good or bad seeding.

Time Time

a) b)

Figure 3.9: Signal of fast photo diode in two different cases:
a) Regenerative amplifier has a good seeding

b) Regenerative amplifier has a bad seeding
adapted from [46]

3.1.4 Multi-pass Amplifier

In the designing of an amplifier, two different factor should be considered. The first one is the
gain, and the second one is the energy extraction. It is not impossible to have a good gain and a
proper energy extraction at the same time in only one stage amplification. It is always a trade-off.
To solve this problem usually multistage amplification system is needed. Figure 3.10 shows how

the amplification work.[15] [47]

Figure 3.10: Multi-stage amplification system
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The first stage, which is pre-amplification stage will provide a good gain to the seeding pulse, and
the second stage will boost the energy of the pulse. As we have mentioned before, we use a
regenerative amplifier as a pre-amplification system which provides an excellent gain for our two
colors. After that, we use a multi-pass amplification system as the power amplifier, which boosts
the energy of each pulse to 1.5 mJ. The multi-pass amplifier and Regenerative amplifier are
working very similar to each other.

In the multi-pass amplifier, a few mirrors have been used to let the beam pass through the crystal
with different angles, and the designing issues limit the number of the passes. It can be designed
for 3, 4, or even 5 passes through the crystal.

In our setup, we use a multi-pass amplifier, which is designed to boost the energy 10 times higher.
The pulses will pass through the Ti: Sapphire crystal 5 times. Moreover, the crystal will be pumped
by the Nd: Yag laser from two sides to increase the energy extraction and to avoid damaging the
crystal. Figure 3.11 shows the design of multi-pass amplifier with three-pass. (However, in our

lab, we use a 5 pass multi-pass, which is hard to draw).

To the Grating compressor

Ti:sapphire crystal

o

—)
532 nm pump

e

. . 532 nm pump
Two sides pumping

i From Regenerative amplifier
\ ——

Figure 3.11: The Multi-pass amplifier setup
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3.1.5 Dual Wavelength Pulse Compressor

The final stage of any CPA system is the compressor. Usually, the grating pair compressors are
being used in compression systems because they provide a considerable amount of negative
dispersion, which is really hard to get by other techniques like prism compressors. To reach the
maximum compression, Fourier transform limit pulse, the total second order dispersion of the
system should be zero. It means that:

92¢ a%¢ 92¢ 3.1)

- - =0

2 2 2
0w?stretcher 0w?yateriat 0 Compressor

Usually, the material and the and pulse stretcher will provide normal dispersion (Positive GDD).
Then, the pulse compressor should provide anomalous dispersion (negative GDD). By having a
perfect match between the normal and anomalous dispersion, it is possible to compress the pulse
to the its transform limit.

In our experiment, we are using a dual wavelength pulse compression system to compress two
different colors after being amplified by the multi-pass amplifier. In our setup, we have three
different gratings. The first grating is the same for the two different colors. After the first grating,
the two colors will be dispersed and separated. Because the frequency spacing between the colors
is too much, it is not possible to use only one back grating. Then, two back gratings will be used
to compress the colors separately. The distance between the gratings will determine the total
negative dispersion of the compressor. In our setup, this distance is around 300cm. After the back
gratings, we have the roof mirrors, which will send back two different colors to the grating pair,
and finally, the beam will be directed to the hollow fiber assembly.

To avoid self-phase modulation, we leave a linear chirp on the each of the pumps. This can be
easily done by placing the gratings in front of the optimum place. One of the back mirrors in the
Grating compressor is placed on a portable stage, which will enable us to control the delay between
the colors, and change the instantaneous frequency separation between the two chirped pumps.
Figure 3.12 shows the experimental setup that we are using in our lab.

Also, it is critical to making sure that our compressor does not provides any spatial chirp. In order
to verify it, we can move the spectrometer after the compressor to make sure that the output

spectrum of the compressor is not a function of the position of the spectrometer.
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Figure 3.12: Dual wavelength grating compressor

3.1.6 Hollow Fiber Assembly

Nonlinear light-matter interactions need high and enough laser intensity. Focusing the laser beam
by a lens is one of the easiest ways to achieve maximum possible intensity. However, in this case,
the interaction length is limited to the Rayleigh length. After the Rayleigh length due to the
diffraction, the intensity will significantly decrease, and the efficiency of nonlinear interaction will
be decreased. Hollow core fibers are a good solution to increase the interaction length in a
nonlinear experiment. The laser pulses will be directed inside of an optical fiber, and the final
efficiency of the nonlinear interaction will be increased significantly [48] [49].

In our experiment, we are using a 0.5-meter-long hollow core fiber. The inner diameter of the fiber
is 150 pm. Before the fiber, we use a focusing lens to focus and direct two different pumps in the
optical fiber. After the fiber, we also use another lens to collimate the beam. Our fiber is placed in
a sealed chamber which is filled with SF¢ gas. The chambers are placed on two X-Y translational

stages to give us a good control of the position of the chamber. This translational stage will be
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used to align the chamber, and to make sure that the beam is passing through the fiber with the
maximum efficiency. We also use a CCD camera after the fiber to look at the profile of the beams.
This CCD camera helps us to make sure that we have the maximum efficiency, also we can make
sure that the pulses have the same cross-section, which means they are spatially overlapped. In

our experiments, the pressure of the chamber was set at 10 psi.

CCD camera
) X-Y translational stage
X-Y translational stage

Spectrometer
lens i lens

T " ”7\
v

Figure 3.13: Hollow core fiber setup filled with SFsgas
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3.2 Single-shot Autocorrelation:

In our experiment, we are using a single-shot autocorrelation system to measure the temporal

duration of the pulses [50]. We have chosen this technique because the repetition rate of our laser
is very low (10HZ). The single-shot autocorrelation gives us this opportunity to look at the
autocorrelation trace of a single pulse, and use it to calculate the pulse duration.

In a single-shot autocorrelation, we are mapping the delay and the temporal information of a pulse
into the position. This can be done by spatially overlapping two pulses in a nonlinear medium such
as BBO crystal. Figure 3.14 shows the experimental setup for this technique. The setup and
alignment for our autocorrelation can be a little bit tricky and need special care. The low repetition
rate of the laser causes the pulses to be very far away from each. After the beam splitter, we make
two copies from a pulse. These two copies should meet each other at the same time in the BBO
crystal, then the length of the two arms should be the same. We are using a cylindrical lens in our
system before the BBO crystal. This lens focuses the pulse and its copy to a line, and after that,
the beams have an overlap in the BBO crystal.

Variable delay Input pulse
_T /\

Beam splitter

j\ Cylindrical lens

E(t-t 51 nal(T

() P BBO crystal ena(T) Computer
N

\ CCD camera

Figure 3.14: Single-shot non-collinear autocorrelation setup.

After the BBO crystal, we use a CCD camera to look at the autocorrelation trace. The width of the
autocorrelation trace will be a function of the pulse duration. The CCD camera is connected to a
computer, which can record the intensity of every single pixel. After the integrating over the
screen, we can generate the autocorrelation curve. Then, we can calculate the full-width at half
maximum(FWHM) of the autocorrelation curve as a function of the pixel. To extract the temporal

information from the curve, we need to find the calibration factor. In the other word, we need to
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know what is the meaning of each pixel on the CCD camera, and each pixel is representing how
many femtoseconds. To do this, we use the translational stage. By moving the translational stage,
we give a delay to one of the pulses. This will cause the whole autocorrelation trace to move on
the screen. Then, we can record how much a certain delay moves the peak pixel. This technique

will lead to finding the calibration factor which is around 18 fs/pixel for our setup.

Pulse #2 Pulse #1 Pulse #2
Pulse #1

(b) >

v

Figure 3.15: mapping the temporal profile of the pulse into position.

(a) and (b) shows that the spatial width of the second harmonic signal is a function of the duration of

pulse.

Figure 3.16 Sample Autocorrelation trace recorded by the CCD camera
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3.3 Pulse Compression System:

The final stage of this work is compression of the first anti-Stokes order. The short-term goal of
this compression is to study the behavior of the red-shifted shoulder in MRG, and how this extra
bandwidth will affect our pulse compression. The long-term goal of this compression is to
compress different orders with red-shifted shoulders and adding them coherently together to
generate a single femtosecond pulse. We are using a prism pair pulse compression system in our
lab to achieve our goal. Our prisms are made of SF10, which is very dispersive glass and
appropriate choice for dispersion compensation.

After the hollow fiber, we are using three lenses to make sure that the beam is collimated and have
an excellent Gaussian profile. If the size of the beam is small, it is hard to get the autocorrelation
trace and measure the pulse duration. Moreover, if it is very large the intensity will decrease and
also the autocorrelation does not have good quality. So by trying the different lens with different
focal points, we can make sure we have a beam with the best profile.

After the collimation system, our beam will pass the first prism. After the first prism different
orders will be separated. We can use an adjustable slit only to let the orders that we want to pass
and go to the compressor. Figure 3.17 shows different separated orders after the first dispersive

prism.

Figure 3.17: The MRG rainbow spread from near-IR to UV
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Between the two prisms, we have a translational stage, which enables us to change the distance
between the two prisms. By changing the distance, we have good control over negative GDD of
the system. Also, both of our prisms are placed on the translational stages. They are carefully
aligned with the minimum deviation angle which enables us to move the prisms perpendicular to
the beam path and avoid any miss alignment of the beam. The movement of the prisms will enable
us to have control over the positive GDD of the system. Then by changing the distance between
the prisms and moving vertical movement of the prisms, we can have excellent control over the
positive and negative GDD of our compression system which makes the tuning and compression
very easy.

To have maximum compression, we need to avoid spatial chirp of the pulse after our compressor.
The spectrometer can quickly check this. We can place the spectrometer after the compressor and
before the autocorrelation to check whether we have spatial chirp or not. If the spectrometer shows
that after the compressor the frequency is a function of the space, this means spatial chirp exists
and has an impact on the final pulse duration, so we need to go back and recheck the alignment of

the prisms. The following picture shows the experimental setup for our pulse compression system.

f=30cm ( Hollow core fiber 1 f=50cm
Roof mirror \/ L J V
Prism
Out put of the fiber

3" Translational Stage v

a 2" Translational Stage

Prism )
- collimator system
A A
V Vi
1™ Translational Stag f=10cm f=20cm
2 To the autocorrelation

Figure 3.18: Pulse compression setup
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Chapter 4

Experimental Results & Discussion

In this chapter, we will present our experimental results and discuss these findings. The primary
goal of this chapter is to get a better understanding of the red-shifting process in MRG. We are
going to investigate how this extra frequency bandwidth affects the compression of first anti-
Stokes order. Can this extra bandwidth help us to have better pulse compression? Alternatively, if
not, what is the main obstacle for compressing the Raman order, and how this bandwidth should
be used.

As we have mentioned before, we are using two chirped pump pulse to study MRG for two reasons.
The first one is that by using two chirped pulse, we can avoid SPM. The SPM will broaden the
spectrum of each pump pulse, and this will significantly decrease the efficiency of MRG. The other
reason is that the two chirped pump pulse will enable us to change the instantaneous frequency
between the two pumps. We can tune the frequency separation between the pulses, which gives us
a great tool to study the red-shifting of different Raman orders. By physically moving one of the
back mirrors in our dual-wavelength pulse compressor, we are changing the delay between the two

pulses. This will eventually lead to the change of the frequency separation between the pumps.

4.1 Spectral Measurement of Red-shifted Spectrum

As we have mentioned before, the long color is centered at 837 nm, and the short color is centered
at 786 nm. Both of them have the same bandwidth of 3 nm. The pulse duration of the long color
is set to 800fs, and the pulse duration of the other color is set to 900 fs. This difference in pulse
duration is because we want to have the same chirp rate for both of the pumps. With the mentioned
pulse durations and wavelengths, the two pumps will have the same chirp rate of 1.6 THz/ps. The
frequency difference between the center wavelength of the two pumps is around 50 nm, which
corresponds to the first Raman state of the SFs gas. The instantaneous frequency separation

between the two pumps can be written as follows:

Afyep = @At + 23.25 THz (4.1)
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where the « is the chirp rate of the pumps (1.6 THz/ps), At is the delay between the pumps, and

23.25 THz is Raman frequency of SFs.

If the At be zero the two pumps are perfectly overlapping in time, which cause to have the

maximum efficiency in the MRG process. In this section, we change the delay between the pumps,

which change the frequency separation between the pumps. By changing the frequency separation,

we record the first anti-Stokes order spectrum by OSA. This helps us to look at the evolution of

red-shifted shoulder as the function of frequency separation between the pumps. The following

figures shows the dependence of red-shifter shoulder of first Raman order for different frequency

separations:

Afsep = Aframan

fu

Higher frequency chirped

pulse

Lower frequency chirped
pulse

Time delay

Figure 4.1:
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Figure 4.2: First anti-Stokes order spectrum with a red-shifted shoulder
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Figure 4.3: Description of two chirp pump pulse with following conditions:
Afsep = 22.61THZ
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Figure 4.4: First anti-Stokes order spectrum with a red-shifted shoulder
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Figure 4.5: Description of two chirp pump pulse with following conditions:
Afsep = 2197 THZ
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Figure 4.6: First anti-Stokes order spectrum with a red-shifted shoulder
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Figure 4.7: Description of two chirp pump pulse with following conditions:
Afsep = 23.89THZ
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Figure 4.8: First anti-Stokes order spectrum with a red-shifted shoulder
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Figure 4.9: Description of two chirp pump pulse with following conditions:
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Figure 4.10: First anti-Stokes order spectrum with a red-shifted shoulder
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The previous figures show the specific spectrum of the first Raman order for different time delays.
As we have mentioned before, this delay will change the frequency separation between the two
pumps. Figure 4.11 shows the relation between the frequency separation and time delay:
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Figure 4.11: Instantaneous frequency separation of the pumps as a function of time delay

Now, we can look at frequency separation between the two peaks as function of the instantaneous

frequency separation of the pumps. Figure 4.12 shows this dependence:
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Figure 4.12: Frequency separation between the anti-Stoke order and red shifted shoulder as a function of
instantaneous frequency separation
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Our results show that the peak to peak frequency separation of the first anti-Stokes order and the
red-shifted shoulder can be more than 6 THz if the instantaneous frequency separations are red
tuned. In order to study about the red-shifted shoulder, we use our pulse compression system to
compress the first anti-Stokes order with the maximum red-shifted shoulder, and we use our

autocorrelation to record the results.

4.2 Pulse Compression of First Anti-Stokes Order

As we have mentioned before, the primary goal of our research is generation one femtosecond
pulse through MRG. In our lab, we have used two chirped pumps to have the maximum efficiency
and have the maximum number of the Raman orders, which provides us a broad spectrum. MRG
process is a coherent process, which means all the Raman orders are highly correlated with the
pumps. Then, all the orders are also positively chirped. In order to add all the orders coherently
together, the phase of each order should be corrected and compressed. We are using our pulse
compression system to do this task.

This section has two parts:

First, we try to compress the first Raman order in the absence of the red-shifted shoulder. By doing
this, we will show that it is possible to correct the phase of the first Raman order and compress it
to its Fourier transform limit. Finally, we try to compress the first Raman order in the presence of
red-shifted shoulder to study more about the red-shifted shoulder. In the other word, we are

interested to find how can we use this extra frequency bandwidth.

4.2.1 Compressing the First Anti-Stokes Order Without Presence of the Red-
shifted Shoulder

In order to design a pulse compressor, we need to have the information about the bandwidth and
the duration of the pulse, which is going to be compressed. Then, we can calculate how much GDD
our compression system should provide. As we have mentioned before, we use a prism compressor
to do the compression task. The final amount of GDD that our compression system can provide is
a function of the separation between the prisms and the prism’s material. Our pumps have the

duration around 800 fs. Then, the first anti-Stokes order has also the same duration. The bandwidth
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Pulse duration (fs)

of the first anti-Stokes order without any red-shifted shoulder is around 3nm. This order is centered
at 738nm.

By using equation 2.52 (Time-Bandwidth product for Transform-Limited Gaussian shape pulses),
we can find the minimum pulse duration for the first Raman order is around 300 fs. Now, the
stretched pulse duration is 800fs, and the shortest possible compressed pulse is 300fs. By having
this information, we can calculate how much negative GDD our compressor should provide. By
using equation 2.40 we can calculate the needed amount of GDD for compression, which is around
80000fs”.

To provide this amount of GDD, we use a prism pair made from SF10 glass. By using equation
2.50, the prism separation should be around 4m.

The following diagram, shows the duration of the compressed pulse for different prism
separations:
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Figure 4.13: experimental results of the duration of the compressed pulse as a function distance between
prisms

As we can see from figure 4.13, it is possible to compress the Raman order to near Fourier
transform limit, which is excellent news. By doing this for the other orders, we can lock the phase
of all of them, then add them together. This will promise to have a single femtosecond pulse with
high peak power. Unfortunately, because of the limitation that we have in our lab, we could not
compress more than one order at the same time. The main limitation is that the orders are far away
from each other and it is not possible to use a single pulse compressor for all of them. Each of

them needs to be compressed by a prisms pair and then adding all of them together.
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4.2.2 Compressing the First Anti-Stokes Order with Presence of the Red-shifted
Shoulder

The final step is to use the autocorrelation setup and the prism compressor to study the red-shifted
shoulder's effect in the MRG process. Figure 4.6, shows the maximum possible red-shifted
shoulder. It is clear for us that the red-shifting of the Raman order can double the frequency
bandwidth of the first anti-Stokes order.

Then, we direct the first Raman order to our prism compressor. After the compressor, we use our
single-shot autocorrelation setup to look at the compressed Raman order, but the results were
surprising.

Surprisingly, we have seen that our autocorrelation trace has three separate peaks. This three
distinct peak reveal an exciting fact about the red-shifted shoulder in the MRG process. This fact
is that in the presence of the red-shifted shoulder, the output of the MRG contains two separate
pulses, which is probably coming from two different processes. Figure 4.14 shows the

autocorrelation trace that we have recorded in the lab.

Figure 4.14: three peak autocorrelation recorded by CCD camera
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In order to explain why three peaks in the autocorrelation trace mean two separate pulses, we need
to look at the figure 4.15, which beautifully explains this process. If we have two different pulses,
blue and red in the figure 4.15, with a temporal delay between them, there will be four different
intersections between the pulses. In these four intersections, the SHG will create four pulses. Two
of the generated pulses are in the same line, then the output of the process has three separate peaks.
These three peaks contain the temporal information of the two pulses, But the deconvolution

process is not an easy task.

2 pulse

1" Pulse 1" Pulse

2™ pulse

Figure 4.15: Single-shot double-pulse autocorrelation trace. Four different signal from the SHG
process will make three separate peaks in the autocorrelation trace
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Figure 4.16: Each peak in the autocorrelation trace coming from a different correlating process

Then we can address each of the correlation function to an independent process, which are as
follows:

+oo 2.4
AC, = f Lise () opa(t — 7)dt .

+oo +00 2.5

AC, = f Lige O (t —1)dt + f Iyng (O)ong(t — 1)dt 2
(2.6)

400
ACs = f Iyng (O)png(t — 1)dt

As we can see from the above figure, different peaks in our autocorrelation trace are coming from
different functions. The first peak is coming from the cross-correlation of the first pulse and the
second pulse. The second peak has two different terms: the first term is resulting from the

autocorrelation of the first pulse and itself, and the second term is resulting from the autocorrelation
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of the second pulse and its term. Finally, the third peak in our autocorrelation trace is resulting
from the cross-correlation between the second pulse and the first pulse.

Now it is clear for us that in the presence of red-shifting process we have two distinct pulses, which
one of them is coming from the Raman process and the other one is coming from another unknown
process, which we call it red-shifted pulse

In order to get more information about the duration of the Raman and red-shifted pulse, we have
used our autocorrelation and pulse compression setup to study these pulses. Our spectrometer
shows that the maximum frequency separation between the pulse and red-shifted shoulder is
around 7 THz. By using the compressor, we can get a little information about the spectral phase
of the two pulses.

Figure 4.13 shows the duration of the pump pulse as the function of the separation between the
prisms. We can also use figure 4.13 as a reference for the duration of the Raman order. Then we
can measure the autocorrelation for different prism separations. We have got different
autocorrelation curves for different prism separations. Then we can numerically guess that how
much is the duration of the red-shifted pulse.

We have used different separation between the prisms and collected the data. The prisms
separations are approximately 4m, 3.5m, and 3m. Figure 4.17, 4.19, and 4.21 shows the
autorotation curves for different prism separations. Then we can reconstruct the pulses. Figure
4.18, 4.20, and 4.22 shows the calculated pulses. The cross-correlation of these pulses can
approximately produce the experimental autocorrelation curves that we have got after the
compression.

The results are surprising. The results show that the two pulses do not have the same spectral phase.
By increasing the distance between the prisms, we are adding more negative dispersion this will
compress the Raman order, and our results confirm that. Surprisingly, our constructed pulses show
that the red-shifted pulse is not being compressed. By increasing the prisms separation, the red-
shifted shoulder actually becomes broader. This is an exciting result because it shows that the
Raman and red-shifted pulse does not have the same spectral phase (Assuming, the Raman pulse
has the same chirp). The Raman pulse has the same chirp that the pumps have, but it seems that
the red-shifted pulse does not have the same chirp at all.
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First Autocorrelation Curve and Pulse Reconstruction:
(Prism separation ~ 4m)
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Figure 4.17: Experimental Autocorrelation curve of first anti-Stokes order in the presence of red-shifted
shoulder
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Figure 4.18: Simulated Autocorrelation curve of first anti-Stokes order in the presence of red-shifted
shoulder
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Figure 4.19: The two Gaussian pulses input, which will construct the 4.18 curve

Figure 4.17 shows the experimental result of the compressed pulse. We used the Gaussian pulses

in figure 4.19 to construct the experimental result, which is presented in figure 4.18.

Our experimental autocorrelation curves show that the separation between the peaks is around

2.6ps. The duration of the Raman pulse is around 300 fs, and the duration of the red-shifting pulse

1s around 500fs.

Prims separation: 4 m
Duration of Raman Pulse: 380 fs
Duration of red-shifting pulse: 500 fs
Temporal delay between the pulses: 2600 fs
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Second Autocorrelation Curve and Pulse Reconstruction:
(Prism separation ~ 3.5m)
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Figure 4.20: Experimental Autocorrelation curve of first anti-Stokes order in the presence of red-shifted
shoulder
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Figure 4.21: Simulated Autocorrelation curve of first anti-Stokes order in the presence of red-shifted
shoulder
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Figure 4.22: The two Gaussian pulses input, which will construct the 4.21 curve

Figure 4.20 shows the experimental result of the compressed pulse. We used the Gaussian pulses
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in figure 4.22 to construct the experimental result, which is presented in figure 4.21.

Our experimental autocorrelation curves show that the separation between the peaks is around

2.3ps. The duration of the Raman pulse is around 550 fs, and the duration of the red-shifting pulse

1s around 400fs.

Prims separation: 3.5 m
Duration of Raman Pulse: 550 fs
Duration of red-shifting pulse: 400 fs
Temporal delay between the pulses: 2300 fs
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Third Autocorrelation Curve and Pulse Reconstruction:
(Prism separation ~3m)
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Figure 4.23: Experimental Autocorrelation curve of first anti-Stokes order in the presence of red-shifted
shoulder
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Figure 4.24: Simulated Autocorrelation curve of first anti-Stokes order in the presence of red-
shifted shoulder
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Figure 4.25: The two Gaussian pulses input, which will construct the 4.24 curve

Figure 4.23 shows the experimental result of the compressed pulse. We used the Gaussian pulses
in figure 4.25 to construct the experimental result, which is presented in figure 4.23.
Our experimental autocorrelation curves show that the separation between the peaks is around

1.7ps. The duration of the Raman pulse is around 800 fs, and the duration of the red-shifting pulse
is around 300 fs.

Prims separation: 3 m
Duration of Raman Pulse: 800 fs
Duration of red-shifting pulse: 300 fs
Temporal delay between the pulses: 1700 fs
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4.3 Discussion

As we have shown in the last section, we can use our pulse compression system to compress the
first Raman anti-Stokes order in the presence and absence of red-shifted shoulder. We have seen
that in the presence of red-shifted shoulder, our autocorrelation curve shows three separate peaks.
These peaks means that we have two different pulses with a temporal delay between them.
Because of this delay, our optical pulse compression system cannot combine and compress these
two pulses together.

We have seen that by changing the separation between the prisms in our pulse compressor, the
duration of the reconstructed pulses will be changed. Table 4.1 shows the duration of the Raman

and the red-shifted pulse for different prisms separations.

Prisms separation Duration of Raman pulse Duration Red-shifted pulse
3m 8001s 300fs
3.5m 550fs 400fs
4m 380fs 5001s

Table 4.1: Duration of reconstructed Raman pulse and Red-shifted
pulse for different prisms separations

The first conclusion from table 4.1 is that the Raman pulse and the red-shifted pulse has different
spectral phase behavior. Our pulse compression setup is designed to compress different Raman
orders. These Raman orders will have approximately the same chirp rate as the pumps have. As
we can see from table 4.1, by changing the prism separation from 3m to 4m, the Raman pulse is
going to be compressed from 800fs to 380 fs, but the red-shifted pulse is going to be broadened
from 300 fs to 500 fs. This means that they do not have the same spectral phase. By using equation
2.17, we can calculate that how much dispersion our compressor will provides for different prims
separations. If the separation between the prisms be 3m the GDD of the pulse compressor will be
-10,000fs?, if the separation be 3.5m the GDD of the compressor will be -40,000fs*, and finally if
the separation between the prims be 4m the GDD will be around -80,000fs”. Table 4.2 shows the

calculated amount of dispersion for different prims separation.
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Prisms separation Group delay dispersion (GDD)
3m ~ -10,000 fs*
3.5m ~ -40,000 fs’
4m ~ -80,000 f5*

Table 4.2: GDD of the prisms compressor as a function of prisms separation

By using equation 2.29, the duration of transform limited red-shifted pulse will be around 270fs.

Now we can use the results of table 4.2 to calculate the duration of Red-shifted pulse for different

prisms separations.

Prisms separation Duration of red-shifted pulse
3m =~ 300 fs
3.5m =490 fs
4m ~ 850 fs

Table 4.3 Calculated duration of red-shifted pulse as a function of prisms separation

Table 4.3 shows the calculated duration of the red-shifted pulse if we add a known amount of
dispersion to the transform limited limited red-shifted pulse. Table 4.1 shows that the measured
duration of red-shifted pulse by using the autocorrelation curves. Both of these tables confirms
that the duration of the red-shifted pulse will be increased by adding more dispersion. This means
that the red-shifted pulse does not have the same phase behavior like the Raman pulse.

Our data also shows that the temporal delay between the pulses will be changed for different prims
separations. This is a rational result and coming from the fact that the two pulses will have different
optical paths inside the compressor, and when we change the prism separation the temporal delay
between the pulses will be changed because the difference between the optical paths will be

changed too. Table 4.2 shows temporal delay between the pulses as function of prims separation.

Prism separation Temporal delay
3m 1700 fs
3.5m 2300 fs
4m 2600 fs

Table 4.4: Temporal delay between the pulses as a function of prism separation
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Figure 4.26 shows that two beams with different wavelength will have different optical paths inside
the prism compressor. We can calculate the difference between these optical paths, then we can
approximately say that how much was the temporal delay between the pulses before entering the
prims compressor. Our calculation shows that if the separation between the prims be 4m, the
compressor will cause 1.1 ps delay. This means that the temporal delay between the pulses will be

around 1.5 ps before entering the compressor.

apex of prism I

lengthL

Figure 4.26: Illustration of different optical paths of two beams inside a prims pair compressor [26]
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Conclusion and Future Work

The primary goal of this research was to study the effect of the red-shifting process in MRG. We
have seen that by pumping the SF¢ in the transient regime, the Raman orders will have the red-
shifted shoulder, which even doubles the frequency bandwidth of each Raman order. This red-
shifting process can be useful to increase ultimate peak power of each pulse.

In this thesis, we used a prism pair setup to compress the Raman order in the absence and presence
of red-shifted shoulder. We have shown that in the absence of red-shifted shoulder it is possible
for us to compress the first anti-Stokes order close to its Fourier transform limit. In the presence
of a red-shifted shoulder, we have seen that the first anti-Stokes order contains two separate pulses.
Our results show that there is a temporal delay between the two pulses. We have used our prism
pair to study this delay, and we have seen by changing the separation between the prisms the delay
between the pulses will be changed. This change in the delay confirms that these two pulses are
independent of each other. We have also seen that the by changing the prism separation the
temporal duration of the pulses will change differently, or in the other word if we want to compress
the Raman pulse, the red-shifting pulse will be broadened. This shows that they do not have the
same spectral phase, which is very interesting for us.

The next step in our research is to apply this compression technique to other Raman orders. Then
we are planning to use an Acousto-optic programmable dispersive filter to combine different
Raman orders and try to add them coherently to get short lasers pulses with the duration of one

femtosecond.
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