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Abstract

Multi-frequency Raman Generation (MRG) is a promising technique for generating
few-femtosecond to sufemtosecond pulses with high energy conversion efficiency.
During transient MRG experiments coupled with two chirped pulses, when the
instantaneous frequey separation between the pump &Btbkespulses is red
detuned from resonance, the individual Raman orders become a-geaklstructure.

These secondary peaks were only observed on the red side of the main Raman peaks.

A double pulse model (DPM) is ubéo describe the phenomenon of the Raman order:

the Raman pulse and the ssltifted pulse.Comparison of FROG measured
spectrograms with simulatiamsing the DPM achieved lower errors compared to the
Frequency Resolved Optical Gating (FRGfEndard itetave program results. From

the experimem results under various conditions of instantaneous frequency
separations and input energies, the simulation suggested that the Raman pulse remains
similar to the pump pulses, while the +ghifted pulse exhibitsx¢ra higherorder

phase due to the intensitiependent twqghoton Stark shift during Raman scattering.

The 4wave mixing is more dominant in blue shifted case. DPM simulation results
show that this theory of twphoton Rabi frequency shifts matches theesxpental

results.
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Chapter 1

Introduction

1.1 Multi -frequency Raman Generation

In recent years, more and more attention than ever before has been paid to how to
create ultrafast pulsavith high intensity. Multifrequency Raman generation (MRG)

is one of the most efficient techniqguespr@duce ultrafast pulses with a widescrete
spectrum by nonlinear optical process [1]. Tir@cess of generatingttosecond
pulsesusing high harmonic generation hbsen invented for many years but the
efficiency is not high. However, MRG could makeglenfemtosecond ultrafast pulses
with enough intensity to observe the dynamic reastidnmolecules [2].

In MRG experimerd, the individual Raman orders became double peaked thigen
researchertuned the instantaneous frequency separation of the twpgtorthe red

side of the Raman transition [3]. The red shifted spectrum can be observed from the
measurement results of the Frequency Resolved Optical Gating (FROG) [4].

The MRGrefers to multiple orders of arfitokesand Stokesgeneratedvhen two

strong pulses drive tHRaman Scattering. The process is shown in Figure 1.1 below.
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Figure 11. Energy level diagram of MRG with the generations of 1st and 2nd anti
Stokes Raman ordefs].

The pump beam actived the molecules to a virtual energy level from the ground
energy level. The molecular energy will be noted to come down, but due to the
coupling by theStokes it will not come down to the ground energy level but to the
Raman energy level. The pump beam again pump these molecules in the Raman
level to a new virtual energy level, and after this, a new photon with a higher
frequency will be released as the molecule drops to the ground energy level, and this
is referred to as thedmanfirst order antiStokes

These first antStokesphotons act as new pump beams upon accumulation and will
readily take the molecule to the higher virtual energy level. The secon8takés
Raman order will thus be created when the molecule returns to the ground energy
level [6]. This process will result in a wide discrete spectrum as it continues and
cascade The Raman frequency of the material separatesrtlexs of avide discrete
spectrum resulting from this process. Studies have shown that each Raman order
generated as cascaded simulated Raman scattering (SRS) is of the third order

nonlinear Drm®maeess —wr ) Ehe [§of the antiStokesorder is



represefYkfed as w

Research shows a close relationship between MRG and Rsmataring in that as
Raman scattering occurs in solid, liquid and gas Raman materials, so does MRG. The
most widely used Raman medium is gafich are small dispersion materials [8].

The adiabatic, impulsive, and transient are the three regimes that WiRk:
depending on the pump pulse duration. An impulsive regime is noted when the pulse
duration decreases continuously and becomes less than the period of vibration. For the
transient regime, the pulse duration and dephasing &ilmecomparablein the

Adiabatic regime, the dephasing time is less than the pulse duration of the molecules

2].

1.2 Experiment of Multi-frequency Raman Generation

Previousy, our groupconductedMRG experiment in the transient regime, [@jhere

sulfur hexafluoride (SF6jvas used to generate various Raman orders. The main
reason for using SF6 is its compatibility with the laser setup in the lab, as its Raman
frequency matches théaser spectrum The lab emplogd a dual wavelength
Ti:Sapphire lasesystem [10] to generate two pump pulses with spectra centered at
786 nm and 837 nm. The frequency separation between these two pump beams is
precisely chosen as 23.25 THz to align with the vibrational Raman frequency of
Sulphur Hexafluoride (SF6). Eaclh the twopulses, possessing a spectral bandwidth

of approximately 3 nmareindependently directed to the tripgating compressor for
compression. The temporal spacing between the pulses of the two pump beams can be

modified by displacing the back mird7.
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Figure 1.2 Schematic diagram of the experiment setupmivror; G-grating; L-lens.

[11].

To prevent sefphase modulation (SPM), a linear chirp is introduced to each pump
pulse by placing a grating in an optimal position [9] [12]. One of th& baoors in

the grating compressor is adjustable, enabling control over pump pulse delay and
instantaneous frequencgeparation The pump pulses, carrying a totalaximum
energy of2.2 mJ, are directed into a hollow fiber filled with SF6 gas. This setup
generates different Raman orders, spanning from the infrared to the ultraviolet range,

exhibiting a strong correlation with the pump pulses in terms of chirp characteristics.

The two pump pulses were subjected to second harmonic FROG measurements to
verify their similar chirps [4]. The FROG reconstruction revealed that the pump pulse
had a duration of 900fs FWHM, with a chirp rate of 1.6THz/ps. Meanwhile, the
Stokespulse had a duration of 830fs FWHM and a chirp rate of 1.5THz/ps. To reduce
uncertainties inthe spectrogram of the first ar8tokesorder with double peaks, a

crossFROG measurement was performed usingStakespulse as one of the input



pulses.

Two sets of measurements were conducted to analyze the electric field of the first
anti-Stokesorde [7]. In the first set, the time delay between the two pump pulses was
set at 333fs, with the higher frequency pump pulse preceding the lower frequency
Stokes pulse. This delay resulted in a red shift of the instantaneous frequency
separation by approximately 0.5THz. At this red shift, the maximum number of
Raman orders and the maximum red shift of the second peak in each order were
observed. The average enemggs varied from 2.2mJ to 1.7mJ to 1.2mJ. In the second
set of measurements, the energy was fixed at the maximum level of 2.2mJ, and the
time delay was adjusted to increase the red detuning from 0 to +666fs in increments

of 333fs [7].

Time Delay (ps)

Frequency (THz)

Figure 1.3. The mtlfrequency Raman generation (MRG) spectra are shown for two

positively chirped pump pulses with total energy of 2 mJ as a function of time delay

between the two pulses [16].

In Figure 1.3, the MRGpectrum from the spectrometer as a functiotinoé dday is
shownandthereis a spectrum peasin the red side odachmain Raman peakThis
could result from the SPM, but it is eliminated by gratingin the experiment set.

It is also not from th&-wave mixing effect becaugbe extra peak would move on a



diagonal line withime delayif the 4-wave mixing exist, buthere are only two lines
in the MRG spectrummHence, it should from other effects such as Rabi frequency and

Stark shift.

In conclusion, the MRG experiment invels several processes, including seeding,
amplification, compression, and spectral measurements:siittthg phenomenon

and the generation of arflitokesRaman orders are observed. The FROG setup is
used for pulse measurements, and spectrometer measiggmnevitle information
about the generated spectrum. In MRG experiments, the phenomenon of individual
Raman orders exhibits a dougeaked structure is observed when the instantaneous
frequency separation between the pump &tdkes pulses is redletuned ifom
resonance. The secondary peaks are generated only on the red side of the Raman
peaks. Other research groups also observed this occurrence [12][13][14]. The red
shifted spectrum has the potential to produce higberer pulses, making it an area

of interest for further investigation. Further studies are needed to explore the red

shifted spectrum and its impact on u#fzort pulse generation.

1.3 Frequency Resolved Optical Gating

Frequency Resolved Optical Gating is a main pulse measurement totl ¢4h
record the twedimensional trace of the retrieved electric field in time domain and
frequency domain [7]JFROG has become a widpread technique for ultshort

pulse measurement, which can be applied to a wide range of wavelengths.

There are vadus variants of FROG, and they have different advantages and
disadvantages in different circumstances. Due to the much higher sensitivity, Second

Harmonic Generation (SHG) FROG becomes the most widely used FROG. It mainly
6



uses the nonlinear effect of thenlinear crystals (2) to process the two input ultra
short pulses, and finally produces a signal with twice the frequency. There is an

ambiguity of the direction of time, but it can be removed with extra information.

Camera

% Timing
’ Beam|Splitter

=3
&

Figure 14. The Schematic ofwtccorrelator with BBO crystalBBO: B-Barium

borate BaB,O4) crystal CCD cameraChargeCoupled Device camefd].

In our experiment, the singEhot FROG is used to achieve the time delay between
the pulses [7]. In aauto-correlator setup, the pulse beam is split into two pulses with
different time delay. These two pulses are sent into the BBO crystal, a nonlinear

material, with a special angle.

BBO crystal

Pulse 1 in advance

Pulse 1 of Pulse 2

Pulse 1 and Pulse 2

timed together g > >lgn:
i A
Pulse 2 ’Pulse 2 in advance
of Pulse 1

Figurel.5.Two pulses correlating in a singdot FROG with timelelay achieved by

crossing two th[¥Yln Il ines at an angl e 86
7



The two pulsesare focusedoy a cylindrical lens irthe vertical directionput the
pulses stay the sane horizontal directionAs shown in Figure 1.5f0 make sur¢he
two pulsesoverlapeach other within th&BO crystal as a horizontal thin lin¢ghe

BBO crystal ispositionedat the focal point of the cylindrical lens

The correlation of the two pulsésppens irthe BBO crysthandthe two pulses are
timed together irthe center The front of pulse landthe back of pulse @verlap with
each other at the upper side whhe back of pulse andthe front of puls& overlap

with each other at lower side

Cylindrical Lens Collimation Lens

—_—

BBO crystal Grating

CCD Camera ¢ L

Figure 16. Singleshot FROG recording system (side view) [7].

From Figure 16, after the signal goes through the collimation lens, the grating
disperses the signahe time delay information from the correlation is in horizontal
directionof the signal andhe spectal informationfrom the correlations in vertical

direction of the signdl7].

The signal is collected by the CCD camarad the intensity can be measured by

Equation (1)

1(x)= [ 101 (~)d

(1) [7]



In Equation(1), T i s t he ti me del aAjter froxdssing thendath,h e
it is impossible to solve onmdimensional phase retrieval problems, so it is
transformed into twalimensional phase retrieval problems, which can be solved

under some circumstance.

For FROG Algorithm, the iterative Fourier Transform Algorithm is used, and the

specific process is shown in Figur&.l.

Initial guess
E()

| Generate Signal
3 E_(t7)

Sig |

5 l Fourier

‘(9? 7 Transform

% Esig( 'T)

3 L el

‘{3 ' Apply Data | (1)
= | v

2 [

m Inverse Fourier

= Transform

[

E',(t0)]

Figure 17. lterative Fourier Transform Algorithm [7]

Professor Rick Trebino’s team created
retrieveamplitudeand phase ofhe field from its FROG tracelt is a very effective
program to achieve pulses, but it is difficult to find out what the two input-siioat
pulse areDr. Zujun Xu andProfessor Donna Stricklardkvelogd a new algorithm
and program tgainthe double pulse model simulation trace and the chirp of the two

input pulses [5].

The electric field of the broadened first aBtokesRaman order is teeved by the

standard second harmonic FROG [15]. However, the reconstructed electric field from
9
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second harmonic FROG is too complicated to provide a unique result. This
complicated structure is on account of the broadened order is a result of two pulses
overlapping both spectrally and temporallyherefore, a new way to do the double
pulse model simulation needs to be discovered. In this stage, a Python program is

used to simulate the FROG trace again to obtain the input of tweshltrapulses.

The researchers assume that the main differences between them are their center
frequency, time delay, amplitude, and phases. Therefore, the idea is to set two pulses,
E: and E in Python. The program overlaps Bnd E to produce a double pulse
model simulatio trace. After that, the program will compare the double pulse model
simulation trace and the original FROG trace and the error between them will be
obtained. In the next stage, several parameters; @l E are changed, such as
center frequency, time gy, amplitude, and extra phases, to reduce the error between
them. When the double pulse model simulation trace obtained by this method is very
close to theexperimentaFROG pectrogranresults, the error becomes small enough
and the iteration stops. After that, the simulateéid E can be regarded as the two
input ultrashort pulses that generate the original trace in the experiment. This project
is to create a new algorithm that admthe double pulse model simulation and obtain

the chirp of the two input ultrahort pulses in the FROG experiment. | used this
double pulse model simulation to reveal that thesfsifted spectrum is caused by a

two-photon dressedtate Rabi frequen@nd Stark shift [16].

10



Chapter 2

Double Pulse Model Simulation

2.1 Concept of Double Pulse Model Simulation

In this chapter, the red shifting phenomenon with double pulse model for the anti
Stokespulse will be explained. The affiitokespulse is formed by two pulses: the

Raman pulse and another pulse with an extra phase added to it, called red shifted

pulse.

€0 70 8 % 100 20 B0 70 B % 100
Time(x0.25ps) Time(x0.25ps) Time(x0.25ps)

FrequencylTHz)

50

80 70 80 %0 100 0 40 50
Time(xD.25ps)

60 80 %0 100
Time(x0.25ps)

60
Time(x0 25ps)

(@ 0fs (b) 333 fs (c¥666

Figure 2.1.Example of experimental trace and DPdmulation trace. Top:The
original experiment traceBottom: DPM simulation traces. Thénte delaysareat O

fs, 333 f5 and666 fsfrom left to right [5].

In Figure 2.1, the program compares the simulated trace with the original trace. With
the help of the FROG, reasonable simulation results are obtained, but the information
for phase, chirp rate and other properties of total Raman pulse and red shifteid puls

missing. Therefore, the double pulse model was designed by Zujun Xueandhe

11



hope that it can help researchers gain a better understanding of Raman pulse and red
shifted pulsel wrote my own code and that | concentrated on studying the timg dela

results with myprogram.

In the beginning, the gaussian shape pulse is used to define the RamanPpwaed (E
red shifted pulse ( in the program. The total Raman pulse (E) is equal to Raman

pulse plus red shifted pulse.
00 O YR Meld | O YR Mald (2)[7]
In the double pulse model simulation, the time duratigraNd“y), center frequency

( and ), the intensity ratigl (), the phaseX% and%.), and the time delay (t) of the

two gaussian pulses; Bnd E are adjustable.
Phae = [ (Il nstantaBleous Frequency)

The most important and controversial parameter is the phase. The instantaneous
frequency, also called time dependent frequency, is used to decide what the phase is
for the pulses. The integral of thestantaneous frequency is equal to the phase of the
pulse. For the Raman pulse, the time dependent frequency should be a linear chirp.
For the red shifted shoulder pulse, | believed that there was not only a linear chirp, but
also a second order chirp.dfn Equation ), The integral of the instantaneous
frequency is the second order phase for both the Raman pulse and the red shifted

pulse, and the third order phase for red shifted pulse.

12



0.6

— Raman
— Red-shifted

0.4}

0.2}

0.0

Frequency (THz)

_05 1 1 |
—3000 -2000 -1000 0 1000 2000 3000
Time (fs)

Figure 2.2. Instantaneous frequency of Raman pulse arghiieldpulse.

After studying the simulation results, another idea about the phase of the red shifted
shoulder was provided. The instantaneous frequency of red shifted shoulder consists
of the linear chirp and a gaussian shaped dip chirp in the middle instaaskobnd

order chirp [5].

2.2 Stark Shift and Rabi Frequency

As a group of parallel monochromatic plane waves, Lehmberg et al. treated the
Raman orders as the waves travelling through the Raman medium together, which
was dispersion less [17]. A discrepancy was noted between the conversion rate
calculated, and thatoserved from the experiment [18]. The experimental conversion
rate was more ordered than the calculated conversion, which was ordered less. The

theory of Lehmberg et al. was then generalized by Hickman et al., who fully

13



considered molecular excitation. 8¢ of fr equenTgt goawmeonents
used to depict the propagation of the process and thehotmn Bloch equation
employed in describing the interaction of the field. The coupled equation for the

electric field obtained is given as [19].

0E. w. - .
I= 1 08 \(Q'+B*)(E,_,~E,,,)
0z 2wy 0z J ! (4)

The Rabi frequency here is denbBt el (aRsabQ, W
frequency) is given by the expression below:
Q —B &y (5)
e w (6)
w — — 11 (7
When detuning, Ralirequency and intensity are generalized, they are given as [19]
0 —B ww (8)

The f" Raman order amplitude is thg, andt he transi ti on moment i s
Between the Raman frequency and the pump's frequency separation, the detuning
present i s denoted as 0%.therdis arsldtianship betweent he Eq
adjacent amplitudes generated and the Rabi frequency [20]. Equdtishows a

relationship between the beam's total intensity, includingStokes Stokes and

pulsesof the pump, and the intensity I. It is evident from Equatiénthat the
intensity, I, Raman frequency detuning 0w,

are the three terms that are employed in t

14



(,Uj_l UJj,l_Q wj+1 wj+1+Q

|Raman=>

|Ground> — } Q

a b c d
Figure2.3. Linear Raman scattering diagram of tplooton dressed state@swai, 1 @
and] aiare centefrequencies of Ramanorders, i s the generalized
[5].
In many MRG experiments, the red shifted shoulder is observed in the wide spectrum.
The twaephoton dressed states are used to explain it as shown in Bi§ureach of
the energy levels will split into two coherent states with a frequency separati@a of
In Figure2.3, the lower level is predominantly populated. The process (a) is emission
of the Raman photons. The process (b) emitting asiéted photon; and. The
process (c) is absorption of the Raman photons and process (d) is absorption of a
blue-shifted photonWith the linear Raman scattering, each of the Raman orders will

only show reeshifted shoulder.

In the Equation¥), (6), (7) and @), the aes the generalized Rabi frequency, thes
the Rabi frequency, theis the detuningand | is theotal intensity of the beanfrrom
Ri ckes’ phee pHammiltonfar? i& Used to illustrate the tploton twostate

process.

15
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D(t) (1)

HO=% an Dy

](9)
Dl{”:S[{”(lo)

Them O is the Rabi frequency andiland D are the diagonal elements of this
Hamiltonian include dynamic Stark shif&(t) and&(t) for the two states, which can
be considered as a part of detuning. ¥heés the constant detuning and S(t) is the
Stark shift.In addition, the Equatiorbj, (6), (7) and 8) can be written as in the form

below.

T + OI T AT
E=(1)= 2[A(If)fwQ (1)+A (t)](12)

[ET ()= E7 (O] =h VO () +A%(1) (13)
A(I)EDQ(I)—Dl(f):AU_S(f)(14)

Where the E and E are the adiabatic energies and the square*() [EE (t)| is the
generalized Rabi frequency. TheO is the Rabi frequency and theOis the total

detuning.

16



Intensities
Intensities
Intensities

Time Time
(a) (c)
E+ E+ E+
B g0 o
s — ¢ z ~
= (£3] =
E E E’
Time Time Time
(d) (e) ®

Figure 24. Energy levels resulting from the twahoton Bloch equations. (a), (b) and
(c) show the relative timing and pulse durations of the two pump pulses. (d), (e) and (f)
show the energy levels resulting from theo-photon Bloch equations for the

corresponding time delays shown above each figure.

The adiabatic passage from ground state to intermediate state occurs at the first
resonance. However, the population returns to the initial state by adiabatic passage at
the second resonance. From Equatid),(the general Rabi frequency is equal to the
square of |Ht) - E(t)]. From experimental results, there are only the red shifted
shoulders and blue shifted shoulders that do not exist. As shown in Figuderring,

the Raman scattering, the Raman states split into statesdEE. When the Raman
photons are absorbed by the intermediate state, they can reach bothaihe E

states. On the contrary, when the photons are emitted from the intermediate state to
Raman state, they can only reach thestate. Hence, only red shifted pulse and the

pump pulse are obtained.
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Figure 25. Energy levels in states. (&)near Raman scattering diagram with split
states Eand E. (b) The adiabatic energies’(&nd E) for blue shifted pulses. (c) The
adiabatic energies for timed pulses. (d) The adiabatic energies for red shifted pulses.
The process of black arrow linetige absorption of pump pulse. The process (1) emits
Raman pulses. The process (2) emits blue shifted pulses. The process (3) emits red

shifted pulses.

In order to explain the red shifted shoulder in MRG, the theory of Rabi frequency and
Stark shift are imbduced into double pulse model simulation. From this theory, the
Raman level and ground level can be split into twolsubls by twephoton Stark

shift in the Raman process. The frequency separation must be red shifted to remain in
resonancdo efficienty generate several ariitokesorders. With the red shift, the
lower level is predominantly populated, it is clear from FiguEetizat there aréhree
possible linear Raman transitions. For process (a), it is the emission and absorption of
Raman photons. In process (b), the photons start frofa"tleeel of ground state and

they pump up to th&" level of intermediate state. In the end, some of theqgpiso

come back to th&" level of Raman state, which is the Raman pulse, while others
emit to theE level of Raman state so this process also generates blue shifted pulse.

The process (c) is emitting a rsHifted photon for resonant case. The photong sta
18



from theE level of ground state and they pump up toEhkevel of intermediate state.

In the end, some of the photons come back t&thevel of Raman state, which is the
Raman pulse, while others emit to tBe level of Raman state so this progesso
generates red shifted pulse. Process (d) is also the Raman and red shifted photons

emission.

From Equation §), the generalized Rabi frequency can be written in a function of
Rabi frequency, the laser detuning, and the Stark shifts. From the d&q@@ti the

Stark shift is pulse intensity dependent. Hence, the generalized Rabi frequency is
pulse intensity dependent. It provides the frequency separation of the instantaneous

frequency between the Raman and shifted pulses.

Therefore, the generalizéthbi frequency can be drawn as shown in Figuser2the

program.

04 4

024

0.0 4

Normalized Amplitude

o 1000 2000 3000 4000 5000 G000
Time (fs)

Figure 26. Generalized Rabi frequency.

From the view of the instantaneous frequency, the generalized Rabi frequency is
added to the instantaneous frequency of the red shift pulseas sh&igure 27. It

will look like a linear chirp added a gaussian dip and two gaussian humps on the side
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of it. The separation between the chirp is from the constant detafing

Frequency (THz)

=3000  —-2000 —1000 o 1000 2000 3000
Time (fs)

Figure 27. Instantaneous frequency with theorical generalized Rabi frequency. The
blue linear chirp is the instantaneous frequency of the Raman pulse. The red chirp is

the instantaneous frequency of the red shift pulse.

As for the amplitude ratio between Stark shifid Rabi frequency, it depends on the
coefficients,, ,] and{ in Equation ) and 6). In the experiment, the Sulphur
Hexafluoride (SE) is used in the Hollow Fiber to resonate and the numhbgr of|

and| are at around 1.654564 a4 , 1.64378e31a and 1.6684181d
respectively. From the above equations and | andj) , the amplitude ratio
between Stark shift and Rabi frequency is equal to 1: 60 approximately. Hence, the
gaussian dip in the middle is much more dominant tharnvibegaussian humps on

the side so the instantaneous frequency of the red shift pulse is consisting of a linear

chirp and a gaussian shape dip in the middle in Fig@re 2.
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Figure 28. Instantaneous frequency with actual generalized Rabi frequency. &he blu
linear chirp is the instantaneous frequency of the Raman pulse. The red chirp is the

instantaneous frequency of the red shift pulse.

2.3 Component of Simulated Pulse

From Equations2) to (13), the phase and instantaneous frequency of Raman pulse
(E1) and red shifted pulse fEcan be defined in Python program to do the double

pulse model simulation. The code is shown below.

def FROGs(T1,T2,A,f0,a,a2,ph0,ff, TTO,tt,tpp):
f1 = gaussian_pulse(TT0,0,1.0,0,tfgenerate Gaussian pulsdi&d
f2 = gausmn_pulse(TT0,0,1.0,0,tt+tpp*dd)
i1 =f1**2

i2 = f2**2

21



i3 =11*i2

i3 = np.sqrt(i3)

i4=i1+i2

Stark =-2*np.pi*(a22
al1)*A0*ff*i4/(cO*h/(2*np.pi))/(10**12)+tpp/1000*i_t/1000

Omega = 2*np.pi*al2*A0*f*i3/(cO*h/(2*np.pi))/(10**12)

e_diff = np.sqrt(Stark**2+Omega**2)

phasel = a2*{tt)#+a3*(ttt)**2 #zero phase at pulse peak

phasel = integralfhasel)

phasel = phasgihasel[63]

phase2 = a2*{tt)-e_diff*2*np.pi#+a3*(ttt)**2

phase2 = integralfhase?2)

phase2 = phasgzhasefp3]+ph0

E1 = gaussian_pulse(T1,f0,A,phasel,tt) #generate Gaussian pulsdié&d

E2 = gaussian_pulse(T2,f0,1.0,phase2,tt)

E =E1+E2

22



FROG = FROG_generator(e,E, TD)
delta_d = array_diff(FROG, original_trace)

return FROG, delta_d

In the program, therare 10 different parameters to control the simulation of the total

Raman pulse. They are T1 (Pulse duration of the Raman pulpe T2 (Pulse

duration of the red shifted pulsefE TTO (Pulse duration of generalized Rabi
frequency), fO (Center frequey), tt (Time delay), tpp (Time jitter), a2 (The chirp rate

of instantaneous frequency), phO0O (N phase
frequency). The i_t is the parameter, which controls the frequency separation of the

instantaneous frequenoy E; and E for different cases.

The Stark shift is the total detunirg,0. The Omega is the Rabi f
e_diff is the total Rabi frequency, which is shown in Equatid).(The phase of

Raman part is only a second order phase, which is rkegral of a linear
instantaneous frequency. Meanwhile, the phase of the red shifted part consists of a
second order phase, a pi phase shift and the integral of generalized Rabi frequency.

The & and E are Raman pulse and red shifted pulse. E is theRatalan pulse.

2.4 lteration Method

The code contains several parts. The first part is used to create a system that compares
the difference between the original trace from the experiments and the simulated trace.
It can provide the errors that tell usthie simulated trace is a good match. Secondly,

the total Raman pulse and its initial condition and the limitation of the parameters are
23
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defined. After that, the program will start an iteration process. It will begin to change
the value of one of the paratees in the limitation set by the operators. The error of
the simulation with different value of the parameter are compared. For instance, the
time duration of the Raman part pulse T1 is limited to between 800 fs and 1000 fs,
and the code will first calcate the error with T1 at 800 fs, 801 fs, 802 fs until 1000 fs.
When it reaches 1000 fs, the calculation will stop and start to compare the errors. The
lowest error among them will be selected and use its value of T1 to do the simulation
of the next paramet. After all the parameters have been processed, the program will

do the same simulation again, again and again until an acceptable error appears.
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Chapter 3

Results Analysis

3.1 Simulation Data of Double Pulse Model

23.25 THz

Frequency (THz)

-1/3 0 +1/3
Time (ps)

Figure 3.1. Instantaneous frequency separations with different time delays between

the pump(red) and th&tokegorange)

For the experiment results, there are five data sets with different time delays. Each of
the data sets have 11 original traces. They are labeled as five data sets, A (23.75THz),
B (23.25THz), C (22.75THz), D (22.25THz) and E (21.75THz) cases. The case A is
the most blue shifted one, the case E is the most red shifted one. The case C is the
overlapped one. From the theory, the constant detuning in the instantaneous frequency
should be almost 0 for the case C. The constant detuning for the case B and D should
be around 330 fs in time domain. The constant detuning for case A and E should be
around 660 fs in time domain. If all five data sets provide good matches with the

above condition, then the simulation matches the theory.
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Table 3.5. Simulated and original trader 11 data set of case E. Unit foraxis:

46.77109fs/pixel. Unit for y-axis:0.1670369 THz/pixel

In the tables above, the second row shows the simulated trace of the Raman pulse.
The third row shows the simulated trace of red or blue shifted shouldss. @'he
fourth row shows the simulated total Raman pulse trace. And the fifth row shows the

original trace from the experiment.
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Data Set | Parametenr Number Instantaneous frequency (Blue: Ram
pulse. Orange: Blue shifted pulse)
1 Error 0.078
T1(fs) 650 gl [y
T2(fs) 2000 |
TTO(fs) | 1200 7 —
tpp(fs)*dd | -618 —
A 3.45 i, —
a2 0.000004 e
fO 0.00086 3
pho ~2.47 3000 -2000  —1000 0 W00 2000 3000
ff 0.0001 ' T ommews }
tt(fs) 2872
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
2 Error 0.12
T1(fs) 1162 T— e
T2(fS) 2000 3 Blue Shifed —
TTO(fs) | 200 v
tpp(fs)*dd | -500 5, —
A 5.55 s | =
a2 0.000004 £
fO 0.00021 .
phO -3.82 -4 - T —
ff 000001 2000 10400 o ﬁmetl::.j 2000 3000
tt(fs) 2291
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
3 Error 0.057
Ti(fs) 742 1= epume
T2(fs) 1411 e -
TTO(fs) | 200 ci —
tpp(fs)*dd | -500 = —
A 2.95 g —
a2 0.000004 £,
fO 0.00099 3
phO -2.21 4 . -
ff 00001 =3000 =000 =1000 Ti”’;;:\‘ - 100 2004 ]
tt(fs) 2869
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
4 Error 0.055
T1(fs) 773 1= cpume
T2(fS) 1370 3 Blu= Shifted ~
TTO(fs) | 200 3, ——
tpp(fs)*dd | -500 7o — -
A 2.85 En ——
a2 0.000004 £
fO 0.00098 -
phoO -2.14 a0 —z000  -1000 0 000 2000 W00
ff 0.0001 Time (fs)
tt(fs) 2873
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
5 Error 0.12
T1(fs) 600 = e
T2(fs) 2000 e -
TTO(fs) | 1200 g —
tpp(fs)*dd | -586 . -
A 2.75 g | —
a2 0.000004 £l
fO 0.00089 =y
phO -2.55 al— . . - —
—3000 —2000 =1000 1} 1000 o0 000
ff 00001 Time (fs)
tt(fs) 2893
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
6 Error 0.043
T1(fs) 789
T2(fs) 2000 [
TTO(fs) | 200 | —
tpp(fs)*dd | -562 5 ——
A 3.55 ? ———
a2 0.000004 S| ——
0 0.0007 £
phO -2.64 3
ff 00001 f'il]l’Jlfl -2000 =1000 o 1000 2000 000
tt(fs) 2704 Time (fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
7 Error 0.088
T1(fs) 821 ‘=
T2(fS) 2000 3 Blue Shifted —
TTO(fs) | 200 5 —
tpp(fs)*dd | -500 = —
A 2.65 g | —
a2 0.000004 | £,
fO 0.0008 3
phO -2.9 : : . . :
=2000 =1000 0 1000 200 000
ff 0.0001 Time {fs)
tt(fs) 2646
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
8 Error 0.069
T1(fs) 907 T— toum
T2(fS) 2000 31 Bluz Shifted g
TTO(fs) | 200 3 ] ——
tpp(fs)*dd | -740 ] —
A 2.55 .
a2 0.000004 £,
fO 0.0008 3]
phO -2.71 - .
2000 1000 o 1000 2000 30400
ff 0.0001 Time (fs)
tt(fs) 2378
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
9 Error 0.067
T1(fs) 657
T2(fs) 2000 ‘=
TTO(fs) | 200 = g
tpp(fs)*dd | -600 ¥ —
A 3.15 T o —
a2 0.000004 2 | =
fO 0.00073 £
phO -3.03 -
g(f ) 27010301 _c—ijtll:': —2':IIDD -1-:|||:||:| T.: '|’ '_l:l-:-: '.!lle:G :'Ell'.‘.'i
S ime (fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
10 Error 0.049
Tl(fS) 837 * —— Epump
T2(fs) 2000 3 Blue Shifted —
TTO(fs) | 200 3 ——
E 17 -
tpp(fs)*dd | -546 Z o —
A 2.65 .| —
a2 0.000004 L
fO 0.00085 =y
pho -2.59 _2000 1000 0 10 00 3000
ff 00001 Time (fs)
tt(fs) 2590
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
11 Error 0.12
T1(fs) 600 T— oo
T2(fS) 2000 LR Blus Shifted
TTO(fs) | 200 g —
tpp(fs)*dd | -500 < :j —
A 2.45 g | _— -
a2 0.000004 £, ol
fO -0.00095 3
phO -2.41 al : . : :
ff 00001 3000 2000 1000 Timi ) 1090 2000 ;00
tt(fs) 2926

Table 3.6. The data and instantaneous frequency of cdseftA. Simulation results

for 11 data sets of case A (666 fs blue shifted pulses). Righie instantaneous

frequency of the Raman pulse and blue shifted pulse.
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Data Set | Parametenr Number Instantaneous frequency (Blue: Ram
pulse. Orange: Blue shéftl pulse)
1 Error 0.1
Tl(fS) 1543 ¢ —— Epumg
T2(fS) 836 _ Blue shifted -
TTO(fs) | 1000 £ =
tpp(fs)*dd | -337 >, —
A 0.5 : . ——
a2 0.000004 | £ |
f0 0.00008 N
pho 0 ° 72 B c""llilJ '_l: 00 ll. l-l}:ill' Jli:h'-ll J’J:JL' -ﬂJ-L'U
ff 0.00018 Time (fs)
tt(fs) 2097
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Blue shifted pulse)
2 Error 0.064
Tl(fS) 1365 ) — Epurmgp
T2(fs) 743 _ 3 Elue shifted ~
TTO(fs) | 652 £
tpp(fs)*dd | -303 E =
A 0.5 g o
a2 0.000004 | & |
fO 0.00026 7
tho 101 N 2000 1000 0 1030 2000 3000 4000
0.00015 Time {fs)
tt(fs) 2011
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
3 Error 0.062
Tl(fS) 1338 ‘ = Epurmg
TZ(fS) 770 n Blue shifted -
TTO(fs) | 1000 £ —
tpp(fs)*dd | -370 >, ——
A 0.5 5 —
] -
a2 0.000004 | &
fo 0.00075 17
pho 078 B "rlmu '.'Juu L l-:J:i.II.' .:l::;:-u .ﬂ:.u; 4{:-:“
ff 0.00013 Tima (fs)
tt(fs) 2085
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
4 Error 0.089
T1(fs) 1382 = coume
T2(fs) 745 A plie s
TTO(fs) | 623 T =
tpp(fs)*dd | -351 >
A 0.7 g —
a2 0.000004 | § |
fO 0.00066 o
pho 1.05 R T ST R T
ff 0.0002 Time (fs)
tt(fs) 2244
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Blue shifted pulse)
5 Error 0.085
Ti(fs) 1507 T toume
T2(fS) 771 _ 34 Blue shifted
TTO(fs) | 805 T, —
tpp(fs)*dd | -347 % X J_,.,-f”"
A 0.6 ] g
a2 0.000004 | &
fo 0.00038 g
pho 1 —?EIID-.’! —]EIID-D El 'I.'!IC|C| P':I:CIEI ‘ﬂltltl
ff 0.0002 Time (fs)
tt(fs) 2261
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
6 Error 0.062
T1(fs) 1358
TZ(fS) 863 = Epump
TTO(fS) 924 _ 3 Blue shifed .
tpp(fs)*dd | -315 £ —
A 0.5 Z =
a2 0.000004 | %
fo 0.00053 E_ | —=—"
phO 0.98
ﬁ: 00002 ¢ -2000 -1000 o 1000 mond 3000 J:Il:'ﬂ
ti(fs) 2188 Time {fs}
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
7 Error 0.066
T1(fs) 1422 T—ews
T2(fs) 804 _ 3 Blue shifted
TTO(fs) | 1000 T =
tpp(fs)*dd | -370 Z . —
A 0.5 g ——
a2 0.000004 | & —
fO 0.0005
pho 08 - —20:04) —ll'j:‘.t'l r\ 1000 2000 3000 40040
ff 0.00018 Time (fs)
tt(fs) 2188
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Blue shifted pulse)
8 Error 0.082
T1(fs) 1418 T— cpum
T2(fs) 849 _ Blue shifted
TTO0(fs) | 923 z, —
tpp(fs)*dd | -370 P
A 0.5 § ——
a2 0.000004 | § ° "
fO 0.00039 e
pho 1.02 000 1000 0 1000 2000 3000
ff 0.0002 Time (fs)
tt(fs) 2257
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
9 Error 0.079
T1(fs) 1407
T2(fs) 848 .
TTO(fs) 868 Bump
tpp(fs)*dd | -370 =’ ~
A 0.5 = —
a2 0.000004 | & ——
fO 0.0006 3, -~
phO 0.99 £ | =
ff 0.0002 e
-2 T T ' ' ' '
tt(fS) 2261 2000 1000 I{I_imelli‘;;] 2000 000




Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
10 Error 0.054
Tl(fs) 1353 ‘ — Epump
T2(fS) 758 _ Blue shifted
TTO(fs) | 1000 x ——
tpp(fs)*dd | -370 E "
A 0.4 g —
a2 0.000004 g
fO 0.00006 e
phO 1.13 2l . o - ;
=MD -1000 i} 1000 it 000
ff 0.00012 Nime (fs)
tt(fs) 2272
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Blue shifted pulse)
11 Error 0.055
T1(fs) 1347 T coume
T2(fS) 759 _ 3 Blue shift=d :
TTO(fs) | 1000 E 2 "
tpp(fs)*dd | -370 >, —
A 0.4 E
a2 0.000004 | 8 °|
f0 0.00006 1
pho 1.12 000 -1000 0 W00 2000 3000
ff 0.00012 Time (fs)
tt(fs) 2271

Table 3.7. The data and instantaneous frequency of case B. Siefiulation results

for 11 data sets of case B (333 fs blue shifted pulses). Righe instantaneous

frequency of the Raman pulse and blue shifted pulse.
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Data Set | Parametenr Number Instantaneous frequency (Blue: Ram
pulse. Orange: Red shifted pulse)
1 Error 0.11
T1(fs) 1134
T2(fs) 850 ’ /
TTO(fs) 437 <
tpp(fs)*dd | 42 E 1 /
A 1.11 2 P
a2 0.00000564 | S |
0 0.00029 g /
phO -2.06 1
ff 0000266 —2000 =100a o 1000 2000 3000 4000
tt(fs) 2133 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
2 Error 0.11
T1(fs) 1205
T2(fs) 900 :
TTO(fs) | 441 o /
tpp(fs)*dd | 41 =
A 111 Z o pd
a2 0.00000509 | & .=
O 0.0003 g |7
pho -2.07 y
ﬁ: 0000266 - —2-ZIIEIU —1E|IEIIII IE' lCI:JIJ 20.:’..‘ 3.'.':1-3 -‘J::JEI
tt(fs) 2068 vima (=)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
3 Error 0.12
T1(fs) 1139
T2(fs) 879 ’ e
TTO(fs) 444 . f/
tpp(fs)*dd | 50 £ _~
A 111 2 7
a2 0.000005 S ~
0 0.00073 g~
phO -2.06
ff 0000266 B —l(;ltll:' —1':IIII-[: IZI IEIIJII- 20040 3000
tt(fs) 2248 Time [fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
4 Error 0.11
T1(fs) 1164
T2(fs) 893 ’ ~
TTO(fs) 444 =’ ~
tpp(fs)*dd | 47 E e
A 1.11 2 o prd
a2 0.000005 2.l
fo 0.0004 E |~
phO -2.06
ff 0.000266 -2000 1000 0 W00 200 00 4000
Time (fs)
tt(fs) 2220
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
5 Error 0.11
T1(fs) 1139
T2(fs) 941 T P
TTO(fs) | 436 e e
tpp(fs)*dd | 65 . e
A 1.21 Z /ﬁ.x”
a2 0.000005 % ) L~
fO 0.00049 2 ~
ph0 -1.95 !
ff 0.000266 = -2000 1000 b 1000 000 3000
tt(fs) 2265 Tima (f=)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
6 Error 0.11
T1(fs) 1155
T2(fs) 907 ’
TTO(fs) | 459 _ 2 e
tpp(fs)*dd | 28 . rd
A 1.21 ) i
a2 0.000005 | § A~
0 0.00051 g _~
phO -2 1
ff 0.00026 S0 e 3 mo ma wm
tt(fs) 2268 Time (fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
7 Error 0.083
T1(fs) 1073
T2(fs) 917 ’
TTO(fs) 461 ~ 7
tpp(fs)*dd | 2 Y
A 1.21 n P
a2 0.000005 | & <
0 0.00061 g
phO -2 1
ff 0000266 —2-I:l|:-3 —1-:IIE-3 3 1:::":- Z‘ZIIIZIL‘ Il;Zl:
tt(fs) 2357 Time (fs)
Data Set | Parameter| Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
8 Error 0.086
Ti(fs) 1246
T2(fs) 815 ']
TTO(fs) | 676 - yd
tpp(fs)*dd | 100 E 1 ~
A 0.61 2 . 7
a2 0.000005 = e
fO 0.00024 £ 7
phO 2.1 N
ff 0.00017 2000 -1000 0 1000 2000 X000 4000
ti(fs) 2226 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
9 Error 0.1
T1(fs) 1139
T2(fs) 907 ’ e
TTO(fs) 453 =l .
tpp(fs)*dd | 24 T e
A 1.11 o d
a2 0.000005 | § e
fo 0.00049 £
pho -1.91
ﬁ: 0000265 —J!I]lill:- —1-:IIC-: Zl 1-3;3[! 0400 ﬂ;ZIC ﬁJ;Zl!]
ti(fs) 2220 Tire (1<)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
10 Error 0.1
T1(fs) 1136
T2(fs) 916 ’
TTO(fs) | 450 e )
tpp(fs)*dd | 26 E !
A 1.11 9 g
a2 0.000005 S, P
f0 0.00045 £ '
phO -1.94
ff 0.00026 2000 1000 0 1000 200 3000 4000
tt(fs) 2232 fime (1)
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
11 Error 0.077
T1(fs) 1040
T2(fs) 944 ’ s
TTO(fs) | 435 = ~
tpp(fs)*dd | 59 z prd
A 1.11 Z o prd
a2 0000005 | 3,|
f0 0.00067 £ |~
phO -1.85
ﬁ: 0000265 '-"illlilil -I':Z:I:l Il ZIZ::IIZ- )’.IIHI: s:::.l:: -u:::l::
tt(fs) 2199 fime (=)

Table 3.8. The data and instantaneous frequency of case C.3ieftlation results

for 11 data sets of case C (timed together pulses). Righd instantaneous frequency

of the Raman pulse and red shifted pulse.
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Data Set | Parametenr Number Instantaneous frequency (Blue: Ram
pulse. Orange: Red shifted pulse)
1 Error 0.089
T1(fs) 1100
T2(fs) 701 ’ Z
TTO(fs) | 729 ! P
tpp(fs)*dd | 230 z s
A 0.7 2 o Z
a2 0.00000675 | & //
fO 0.00056 L r,/
phO 4.03 ‘
ff 0.000266 . /_:.m B ¢ w0 mw B
tt(fs) 2647 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
2 Error 0.087
T1(fs) 1100
T2(fs) 700 ’ pZa
TTO(fs) | 746 7 7
tpp(fs)*dd | 230 = p
A 0.7 z, Z
a2 0.00000664 | £ , /
0 0.00057 | £ %
phO 4.05 ’ P
ﬁ: 0000266 - /:Hzll.ll)'.i l(.JLIlJ I.I‘ ]D;;'J ;U;JU .'T.III.'IL'
tt(fs) 2644 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
3 Error 0.072
T1(fs) 1100 . %
T2(fs) 996 2 /,,f'"
TTO(fs) | 800 T s
tpp(fs)*dd | 430 > s
A 0.4 § ‘/ff
a2 0.00000613 | £ s
0 0.00045 Rl
pho 289 - f/—lliltll:- —1-'.:III-II- Il 1lI-I:llI- }II;ZIE 000
ff 0.00018 Time (fs)
tt(fs) 2694
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
4 Error 0.054
T1(fs) 1100
T2(fs) 872 3 s
TTO(fs) 850 = /
tpp(fs)*dd | 430 £ A
A 0.5 9 e
a2 0.00000708 % X P
fo 0.00074 g s
ph0 2.9 ’ s
ff 0.00016 " _zo0n —l;nc- -1000 a W00 00 300
tt(fs) 2936 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
5 Error 0.054
T1(fs) 1100
T2(fs) 880 ’
TTO(fs) | 850 e s
tpp(fs)*dd | 430 = s,
A 0.5 Z . e
a2 0.00000708 | 8 /
0 0.00074 g s
phO 2.89 /7
ff 0.000166 - 3000 2000 1000 0 1000 2000 3000
tt(fs) 2937 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
6 Error 0.14
T1(fs) 1100
T2(fs) 746 "] )
TTO(fs) | 655 _ e =
tpp(fs)*dd | 230 z . =
A 1 3 F
a2 0.00000479 | & ,_,.r""
0 0.0006 g =
phO 4.43 2
ff 0000266 - —}.'It.‘!l'l =100 'I.‘flﬂl'l }(1ll'|r- 000
tt(fs) 2569 Time (fs)

49



Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
7 Error 0.13
T1(fs) 1100
T2(fs) 1000 i Pz
TTO(fs) | 432 _ s
tpp(fs)*dd | 230 T 0
A 0.8 Z o ,,«f"'/
a2 0.00000625 | & A
0 0.00061 g s
phO 3.42 - /f,,x”'
ff 0.000266 3000 ? 2000 -1000 0 Wo0 W00 3000
tt(fs) 2790 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
8 Error 0.1
T1(fs) 1100
T2(fs) 711 :
TTO(fs) | 800 _ P
tpp(fs)*dd | 230 E
A 1.5 Z P
a2 0.000005 | & e
fo 0.00087 g -
phO 4.73 =
ﬁ: 0000266 ! .-'I:-III'.I II:ZII'.I IIZI IZI:'l!I 2000 D00
tt(fs) 2537 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
9 Error 0.11
T1(fs) 1100
T2(fs) 659 3 Pz
TTO(fs) 800 =] A
tpp(fs)*dd | 230 £ ;,,,f'
A 1 >, P
a2 0.00000599 | & ,,/'
0 0.0006 g y
pho 4.78 2 A
ff 0.000266 i —2000 1000 0 1000 2000 3000
tt(fs) 2385 Time (fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
10 Error 0.092
T1(fs) 1100
T2(fs) 734 Y
TTO(fs) | 443 - i
tpp(fs)*dd | 230 E . P
A 0.8 >, 7
a2 0.00000655 | 2 .
0 0.00048 g pZ
pho 3.88 N4
ff 000017 B /—?II'ID.". -1 ‘I 00 /] ]I'I;'l.“. ?::.‘]l'l TIII'.I:E
tt(fs) 2546 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
11 Error 0.089
T1(fs) 1100
T2(fs) 694 ’
TTO(fs) | 690 _ 2 S
tpp(fs)*dd | 230 z, 4
A 0.8 o i
a2 0.00000638 | & s
0 0.00056 g s
ph0 3.63 Ry
ff 0.000266 -E:;:-:ln/. 2000 -1000 D 1000 w00 3000
tt(fs) 2738 Time (fs)

Table 3.9. The data and instantaneous frequency of case D. Siefiulation results

for 11 data sets of case D (333 fs red shifted pulses). Righie instantaneous

frequency of the Raman pulse and red shifted pulse.
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Data Set | Parametenr Number Instantaneous frequency (Blue: Ram
pulse. Orange: Red shifted pulse)
1 Error 0.045
T1(fs) 1104
T2(fs) 1000 ’
TTO(fs) | 800 _ P
tpp(fs)*dd | 514 za /
A 2.4 9 /""x
a2 0.00000601 | 3 e
0 0.00047 g /f”
phO 5.39 . /,x"
ff 0000003 -iiﬂl:llj - =200 —1\:!30 D 'I!'.n:.'I-II 1'.'!:'.'|C| 10:3-1
tt(fs) 2646 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
2 Error 0.045
T1(fs) 1108
T2(fs) 1000 -
TTO(fs) 800 - ey
tpp(fs)*dd | 530 E f,x"“
A 2.4 g e
a2 0.00000602 g _ S~
fO 0.00046 2 e
2 -
phO 4.07 e
ff 0.000003 N o w5 Dw @ m
tt(fs) 2737 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
3 Error 0.024
T1(fs) 1100
T2(fs) 1033 3
TTO(fs) 421 _ _
tpp(fs)*dd | 460 £ _~
A 041 E" ; ) ’__a_..,-*...,
a2 0.00000466 | ¢ _—
0 0.00031 £
phO 5.02 2
ff 0000133 —Z'CIIE'IJ- 1000 o 1004 2004 313;?{!
tt(fs) 2601 Time (fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
4 Error 0.064
T1(fs) 1160
T2(fs) 1000 "] P
TTO(fs) 800 = A -
tpp(fs)*dd | 478 E 1 ey
A 24 E o /_/"Hf/
a2 0.00000602 g ] /,,x"
fO -0.00002 £ -
ph0 3.68 N /
ff 0-000136 _3—23;-le'l - =2000 —]IIWI'JI) ﬂI ]ﬂll'll’l 200 Ttlﬂl'l
tt(fs) 2761 Time {fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
5 Error 0.059
T1(fs) 1134
T2(fs) 1100 ‘ P
TTO(fs) 800 = e
tpp(fs)*dd | 600 o e
A 2.4 5, e
a2 0.00000602 | P
fO -0.00002 k3 ey
pho 4.28 Ny
ff 0.00002 - x—::m -1000 ] 1000 00 3000
tt(fs) 2623 Time {fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
6 Error 0.088
T1(fs) 1100
T2(fs) 950 e
TTO(fs) | 800 - s
tpp(fs)*dd | 478 = /,,,f
A 2.2 o -
a2 0.00000602 § B e
fo -0.00024 8 ,,f'/
pho 4.42 1~
ff 0000153 - —.'-‘III-.“:IZI —1I!..“:IZ| 'IIZI;’.-H 2000 'I.'l;:l-f'l
tt(fs) 2505 Time (fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
7 Error 0.027
T1(fs) 1100
T2(fs) 600 3 Pl
TTO(fs) | 800 _— e
tpp(fs)*dd | 460 = e
A 2.8 2 o s
a2 0.00000602 | £ A
fO -0.00011 2 e
pho 3.85 R
ff 0.0000133 ’ 2000 -1000 0 100 2000 3000
tt(fs) 2630 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
8 Error 0.028
T1(fs) 1100
T2(fs) 600 -
TTO(fs) | 800 -
tpp(fs)*dd | 460 £ 2
A 2.8 E . ﬁ,,»,,,
a2 0.00000602 § N f,/"'
f0 -0.00011 2 e
phO 3.99 N 2
ff 0.0000133 2 000 w00 0 woo a0 moo
tt(fs) 2631 Time (fs}
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Red shifted pulse)
9 Error 0.15
T1(fs) 1100
T2(fs) 1100 3
TTO(fs) | 610 . -
tpp(fs)*dd | 680 £ e
A 0.81 . e
a2 0.00000503 | £ _~
fO 0.00054 2 e
phO 5.65 N
ff 0.000003 T w00 oD 3000
tt(fs) 2502 Time (fs)

54



Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Red shifted pulse)
10 Error 0.051
T1(fs) 1100
T2(fs) 1072 g
TTO(fs) 601 =] ~
tpp(fs)*dd | 538 =
A 0.61 9 -
a2 0.0000045 g -
fO 0.00027 £
pho 5.15 -
ff 0.000133 Q200 o0 b w00 300
tt(fs) 2501 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Red shifted pulse)
11 Error 0.031
T1(fs) 1100
T2(fs) 1100 ’ |
TTO(fs) | 266 o7 _
tpp(fs)*dd | 460 T
A 0.61 g e
a2 0.0000049 | ¢
fO 0.0001 2 P
phO 5.16 N
ff 0.000133 - -300  -1000 D 04 2000 3000
tt(fs) 2511 Time (fs)

Table 3.10. The data and instantaneous frequency of case E.Sieftilation results

for 11 data sets of case E (666fs red shifted pulses). Riglte instantaneous

frequency of the Raman pulse and red shifted pulse.

The instantaneous frequency andadat simulation are shown in Table 3.1 td (.
above T1 is the pulse duration of the Raman pulse. T2 is the pulse duration of the red

shifted pulse. TTO is the pulse duration of the generalized Rabi frequency. The tpp*dd
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is the time jitter. A is the amplide ratio between Raman pulse and red shifted pulse.
The a2 is the slope coefficient of the linear chirp in the instantaneous frequency. The
fO is the center frequency. The phO is the pi phase shift. The ff is the amplitude

coefficient of the generalizdgabi frequency. The tt is the time delay.

From the tables above, the instantaneous frequency of the Raman pulse is linear chirp.
The instantaneous frequency of the blue shifted pulse is the linear chirp with a
gaussian peak in the middle, while the ins&aeous frequency of the red shifted
pulse is the linear chirp with a gaussian dip in the middle. The dips or peaks become
smaller when the constant detuning becomes bigger. And the case C shows the biggest
dip in the middle. From the theory, the constaletuning in the instantaneous
frequency should be almost 0 for the case C. The constant detuning for the case B and
D should be around 333 fs in time domain. The constant detuning for case A and E

should be around 666 fs in time domain.

56



Case |A B C D E

Error | 0.078 0.072 0.101 0.092 0.055
T1(fs) | 776 1403 1142 1100 1109

T2(fs) | 1889 795 897 790 959

TTO(fs) | 382 890 467 708 681

tpp*dd | -559 -352 44 284 514

A 3.14 0.51 1.09 0.79 1.8

a2 4.010"(-6) 4.010"(-6) 5.07*10°6) | 6.24*10°(6) | 5.56*10°(6)
fo 6.24*10°(4) | 3.8*107(-4) 4.7*107(-4) 6.16*10°(4) | 1.5*107(4)
phO -2.68 0.96 -2 3.78 4.6

ff 0.92*10°(4) | 1.7*107(4) 2.56*10°4) | 2.3*107(4) 0.67*107¢4)
tt(fs) | 2705 2194 2221 2674 2604

Table 3.11. The average data of dilnulated traces from the double pulse model

simulation program for five cases.

In the latest simulation, the data showed the same pattern and trend as the theory.
From Table 3.11, the errors are similar to the error from the FROG program. Both the

energy jitter, which controls the amplitude of generalized Rabi frequency, and the

time delay, which controls the frequency separation, fit the predictions.
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From theory and experimental setting, the average amplitude of the generalized Rabi
frequency (represéed by ff in the Table 11) for case A, B, C, D and E should be
different because the instantaneous frequency separation increases with the red and
blue shifting. From the Table 3.11, the average value of ff for A, B, C, D and E are

0.92:107(-4), 1.7*10°¢4), 2.56*107(4), 2.3*107¢4) and 0.67*10°@) respectively.

For the time jitter, the tpp*dd is used to represent it. The average values of time jitter
for case A, B, C, D and E are expected te@f6fs,-333fs, 0fs, 333fs and 666fs. The
average simulated result for case A, B, C, D and E-388fs,-352fs, 44fs, 284fs,
514fs respectively. Hence, the results showed the same trend as {hieoteo Stark

shift and Rabi frequency theory.

Meanwhile, the twephoton Stark shift and Rabi frequenthyeory can explain the
absence of the blue shifted spectra. From Figure 2.4 (b), the blue shifted pulses
require the pump pulses to start at thideizel on the ground state. This is a very strict
condition because the particle density atl&el on theground state is very low.

Consequently, it is hard to observe the blue shifted spectra in MRG experiment.

On the other hand, from Table 3.11, the amplitude of generalized Rabi frequency for
case A and, is very low.Hence | also tried to use linear chiras the blue and red
shifted pulse because | want to find out how th@ade mixing effect impacts the
MRG process. Surprisingly, | can also get good match and reasonable simulation
results for casé& and E The data, instantaneous frequency and simulatee are

shown in Table 3.12 to 3.16.
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Table 3.12. Simulated and original trace for 11 data set of casevav@ mixing).

Unit for x-axis:46.77109fs/pixel. Unit for y-axis:0.1670369 THz/pixel
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Table 3.13. Simulated and original trace for 11 data set of Eddevave mixing).

Unit for x-axis:46.77109fs/pixel. Unit for y-axis:0.1670369 THz/pixel




Data Set | Parametenr Number Instantaneous frequency (Blue: Ram
pulse. Orange: Blue shifted pulse)
1 Error 0.078
T1(fs) 627
T2(fs) | 2000 N [—r—
TTO(fs) 0 ~ Blue Shifted
tpp(fs)*dd | -640 £ |
A 3.35 g .
a2 0.0000041 ga
fO 0.00087 9 -
phO -2.48 -3
ff 0 3000 -2000 -1000 0 1000 2000 3000
tt(fs) 2876 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
2 Error 0.12
T1(fs) 1106
T2(fs) | 2000 T raman
3
TTO(fs) 0 ~ Blue Shifted
tpp(fs)*dd | -500 E |
A 5.25 g .
a2 0.0000041 v,
fO 0.00023 9 -
pho -3.96 "
ﬁ: 0 - —2600 —].(;IDD B IUIOO- 20I00 30I00
tt(fs) 2303 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
3 Error 0.059
T1(fs) 833
T2(fs) 1167 N [E——rv—
TTO(fs) 0 = Blue Shifted
tpp(fs)*dd | -500 = |
A 3.15 Q‘ )
a2 0.0000041 ga
f0 0.00092 E—z
phO -2.05 -3
ﬁ: O _4—3600 —2600 —].60[) D IUIOO 20I00 3DICICI
tt(fs) 2830 Time (fs)
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
4 Error 0.055
T1(fs) 781 T Raman
T2(fs) 1389 3 j Blue Shifted
TTO(fs) 0 e '
tpp(fs)*dd | -500 >
A 2.75 g,
a2 0.0000041 0 -
fO 0.00097 -
pho -2.05 R T S T T
ff 0 Time (fs)
tt(fs) 2876
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
5 Error 0.12
T1(fs) 600 T Raman
T2(fs) 2000 e j Blue Shifted
TTO(fs) 0 - '
tpp(fs)*dd | -612 >
A 2.65 g,
a2 0.0000041 9 -
fO 0.00089 —
pho -2.49 B T R TR
ff 0 Time (fs)
tt(fs) 2901
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
6 Error 0.043
T1(fs) 796 T— Raman
T2(fs) 2000 5 : Blue Shifted
TTO(fs) 0 = '
tpp(fs)*dd | -582 >
A 3.65 o
a2 0.0000041 o -
fO 0.00069 -
phO -2.64 - : : : . : :
—2000 -1000 o 1000 2000 3000
ff 0 Time (fs)
tt(fs) 2694
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
7 Error 0.089
T1(fs) 804
T2(fs) | 2000 T raman
3
TTO(fs) 0 ~ Blue Shifted
tpp(fs)*dd | -500 E . |
A 2.65 g .
a2 0.0000041 g4
f0 0.00081 g -
pho -2.93 T
ff O B —2600 —1600 B JOICIO 20I00 30I00
tt(fs) 2646 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
8 Error 0.071
T1(fs) 898
T2(fs) 2000 = raman
TTO(fs) 0 = Blue Shifted
tpp(fs)*dd | -730 E '
A 2.55 g‘ 0
a2 0.0000041 g
f0 0.00048 E
phO -2.62 -3
ﬁ: 0 - —2600 —ltIJDD [I! 1060 20I00 EDIOO
tt(fs) 2371 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
9 Error 0.067
T1(fs) 641 T Raman
T2(fs) 2000 = 3 Blue Shifted
TTO(fs) |0 = |
tpp(fs)*dd | -604 >
A 3.15 g
a2 0.0000041 9 -
fO 0.00074 "
p h O -3 . 08 _11300[) —ZCII 0o —].6 0o D IUIGO 20ICIO 30.00
ff 0 Time (fs)
tt(fs) 2712
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
10 Error 0.049
T1(fs) 798
T2(fs) 1927 R ———
3
TTO(fs) 0 ~ Blue Shifted
tpp(fs)*dd | -540 E .
A 2.75 g R
a2 0.0000041 v,
fO 0.00088 9 -
phO -2.72 -
ff 0 h —2600 —1600 ll} 1060 20ICIO 30:'.]0
tt(fs) 2600 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
11 Error 0.12
T1(fs) 600
T2(fs) 2000 T Raman
TTO(fs) |0 5 Blue Shifted
tpp(fs)*dd | -500 E .
A 2.45 g,
a2 0.0000041 | §
fO -0.00095 9 -
phO -2.41 -
ff 0 -+ : , . . . .
—2000  -1000 o 1000 2000 3000 4000
tt(fs) 2926 Time (fs)

Table 3.14. The data and instantaneous frequency of casevav@l mixing).Left -

Simulation results for 11 data sets of case A (666fs blue shifted pulses)- Riggnt

instantaneous frequency of the Raman pulse and blue shifted pulse.
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Data Set | Parametenr Number Instantaneous frequency (Blue: Ram
pulse. Orange: Blue shifiepulse)
1 Error 0.039
T1(fs) 1264
4
T2(fs) 1693 .| — Raman
TTO(fs) 0 N, Red Shifted |
tpp(fs)*dd | 630 £,
A 3.1 g o
a2 0.00000523 % -1
fo 0.00006 g -
phO 4.29 -
ff 0 “I3000 -2000 -1000 T 0 " 1t)1'00 000 3000
Ime ({Is
tt(fs) 2750
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Blue shifted pulse)
2 Error 0.039
T1(fs) 1254
4
T2(fs) 1700 .| — Raman
TTO(fs) 0 N, Red Shifted |
tpp(fs)*dd | 622 =0
A 3.1 g o
a2 0.00000524 % =l
fo 0.00005 o -
phO 4.27 -
ff 0 “l3000  -2000 -1000 _6 000 2000 3000
t(fs) 5746 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
3 Error 0.025
T1(fs) 1161
4
T2(fs) 1528 .| — Raman
TTO(fs) 0 N Red Shifted |
tpp(fs)*dd | 658 =0
A 5.8 o
a2 0.00000601 % 1
fO -0.00004 Q-2
phO 4.53 N
ff 0 L3000 2000 1600 T 0 " 1()160 000 3000
Ime (1s
tt(fs) 2761
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
4 Error 0.071
T1(fs) 1700
T2(fs) 1700 : — Raman
TTO(fs) 0 g ) Red Shifted
tpp(fs)*dd | 600 E,
A 3.3 g o
a2 0.000004 S
fO 0.00001 L
phO 3.82 -
ff 0 _4—3600 —2600 —1600 Tln‘i}e (f;;)loﬂ 20I00 30I00
tt(fs) 2773
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Blue shifted pulse)
5 Error 0.05
T1(fs) 700 T— Raman
T2(fs) 1313 ~ 2 Red Shifted
TTO(fs) |0 =0 '
tpp(fs)*dd | 610 >,
=
A 0.5 v,
a2 0.00000601 | & -
fo 0.00037 "5
pho 547 h —ZtI]EID —1600 [I) IUIOO 20|00 30I0C|
ff 0 Time (fs)
tt(fs) 2472
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
6 Error 0.096
T1(fs) 1180 T Raman
T2(fs) 700 ~ 2 Red Shifted
N )
TTO(fs) 0 =
tpp(fs)*dd | 600 ? )
A 2.1 g,
a2 0.00000601 | § -
fO -0.0002 *
phO 4.67 * T ke ko 8w mo wm
ff 0 Time (fs)
tt(fs) 2504
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)
7 Error 0.027
T1(fs) 1180
4
T2(fS) 700 3] — Raman
TTO(fs) 0 N, Red Shifted |
tpp(fs)*dd | 610 £,
A 3.8 g o
a2 0.00000601 % 1
fo -0.00011 g -
phO 4.15 =
ff 0 h —2600 —lf.I]DD EI) “}oi;o 20I00 30I00
Time (fs
tt(fs) 2623
Data Set | Parameter Average Instantaneous frequency (Blue: Rar
number pulse. Orange: Blue shifted pulse)
8 Error 0.028
T1(fs) 1196
4
T2(fs) 700 .| — Raman
TTO(fs) 0 N, Red Shifted |
tpp(fs)*dd | 610 £,
A 3.9 g o
a2 0.000006 %—1
fo -0.00011 o -2
phO 4.13 -
ff 0 - 2000 -1000 _6 000 2000 3000
tt(fs) 2623 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Ran
number pulse. Orange: Blue shifted pulse)
9 Error 0.12
4
T1(fs) 700 [ Raman
T2(fs) 1529 T Red Shifted
TTO(fs) |O =0 '
tpp(fs)*dd | 738 g .
A 1 ga
a2 0.00000483 | & -
fO 0.00057 -3
pho 577 - —2\'.']00 —].(I]DD EI) 1060 20;.]0 30I00
ff 0 Time (fs)
tt(fs) 2449
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Data Set | Parameter Average Instantaneous frequency (Blue: Ram
number pulse. Orange: Blue shifted pulse)

10 Error 0.076

T1(fs) 1221

T2(fs) | 1558 T raman

TTO(fs) 0 N, Red Shifted |

tpp(fs)*dd | 680 E

A 3.3 g o

a2 0.000006 S

fO 0.00001 L

phO 4.79 j

ff 0 -2000 1000 O 1000 2000 3000

tt(fs) 2701 Time (fs)
Data Set | Parameter Average Instantaneous frequency (Blue: Rar

number pulse. Orange: Blue shifted pulse)

11 Error 0.042

T1(fs) 1186

T2(fs) | 1604 = raman

TTO(fs) 0 5, Red Shifted |

tpp(fs)*dd | 672 E

A 3.2 g o

a2 0.000006 8.

fO -0.00008 g -

phO 4.92 =

ﬁ: 0 - —ZtIJDD —].tIJDD [I) JU(IJO 20|00 30|00

tt(fs) 2703 Time (fs)

Table 3.15.The data and instantaneous frequency of &gewave mixing). Left-
Simulation results for 11 data sets of cBSE@833 fs blue shifted pulses). RighThe

instantaneous frequency of the Raman pulse and blue shifted pulse.
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Case |A B C D E

Error | 0.079 0.072 0.101 0.092 0.055
T1(fs) | 771 1403 1142 1100 1158

T2(fs) | 1862 795 897 790 1338
TTO(fs) | O 890 467 708 0

tpp*dd | -564 -352 44 284 639

A 3.12 0.51 1.09 0.79 3.0

a2 4.1*107(-6) 4.0*107(6) 5.07*10°6) | 6.24*10°(6) | 5.57*10°(6)
f0 5.9¥10"(-4) 3.8*107(-4) 4.7%1074) 6.16*10°¢4) | 4.62*107(5)
ph0 |-2.67 0.96 -2 3.78 4.6

ff 0 1.7*10°¢4) 2.56*10°4) | 2.3*107(4) 0

tt(fs) | 2703 2194 2221 2674 2645

Table 3.16. The average data of 11 simulated traces from the double pulse model

simulation program for five cases (with case A &wsb 4wave mixing).

From the data and results, for case A &pdhe gaussian dips in the middle are so

small that could be ignored. That is becaus¢hose cases, the overlapped part of

pump and Stokeare smaller, resulting ismalleramplitude oftwo-photonStark shift

and Rabi frequencyConsequentlythe 4wave mixing effect is much more dominant.

In conclusion the case A and&, the blueor red shift is mainly from the 4wave

mixing and for the casB, C andD, the redor blueshift is from the twephoton Stark
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shift and Rabi frequency.

3.2 Simulation Results with Different Time Delay

After 2 years of study and simulation, | decided to focus on the reddsh#tes, and
the cases with different energy. Meanwhile, the double pulse model simulation model

is also improved. The program is shown below.

def FROGs(params):

[T1,T2,Af0,tau,t_j,a2,ph0,en_f] = params

E_S = gaussian_pulse(TT1,0,1.0,0,(4000*td_f/30+t_j))#generate

Gaussian pulse-keld

E_p = gaussian_pulse(TT2,0,1.0,0,tau)

i1=E_p*2

i2 = E_p*2 + E_S**2

i3=i1*E_S

DELTA 0 = 2*np.pi*(a22all)*A0*en_f*i2/(cO*h/(2*np.pi))/(10**12)-

0.33*(td_f+3*t_j/1000)/1000*2*np.pi

Omega = 2*np.pi*ral2*A0*en_f*i3/(cO*h/(2*np.pi))/(10**12)

e_diff = np.sqrt(DELTA_0**2+Omega**2)
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phasel = a2*{tau) #zero phase at pulse peak

phasel = integralfhasel)

phasel phaseiphasel[63]

phase2 = a2*{tau)-e_diff/(2*np.pi)

phase2 = integralfhase?2)

phase2 = phasgihase2[63]+ph0

E1l = gaussian_pulse(T1,f0,A,phasel,tau¥generate Gaussian pulsdi&d

E2 = gaussian_pulse(T2,f0,1.0,phase2,tau)

E=E1+E2

FROG= FROG_generator(e,E,TD)

return FROG

In the program, there are 9 different parameters to control the simulation of the total

Raman pulse. They are T1 (Pulse duration of the Raman pulpe T2 (Pulse

duration of the red shifted pulse2fE fO (Centerfrequency), tau (Time delay), t_j

(Time jitter), a2 (The chirp rate of 1insta
en_f (Amplitude coefficient of Rabi frequency). The td_f is the parameter, which

controls the frequency separation of the instantanéeggiency of k£ and E for

different cases.
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The DELTA_O is the total detuning;,O. The Omega is the Rabi
e_diff is the total Rabi frequency, which is shown in Equatid).(The phase of
Raman part is only a second order phase, whghthe integral of a linear

instantaneous frequency. Meanwhile, the phase of the red shifted part consists of a

second order phase, a pi phase shift and the integral of generalized Rabi frequency.

The & and E are Raman pulse and red shifted pulse. E is the total Raman pulse.

In this part, the MRG procedure with varied instantaneous frequencies is explored,
achieved by adjusting the time delays between the pumtakeéspulses. They are

case C, D and E witthtee different time delays: 0 fs, 333 fs, and 666 fs respectively.
Each case has 11 original traces. Figure 3.2 and Table 3.17 below display the

simulation results and experimental data for three different cases.
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Figure 3.2. Simulation results with different time delay by new progtaft. up-The

instantaneous frequency of the Raman pulse and red shifted pulse with different

energy, dowrthe amplitudes; Right: ufimulation, dowrexperimental data. Unit for

x-axis: 46.77109fs/pixel. Unit for y-axis: 0.1670369 THz/pixel (a) Case C: Timed

pulses; (b) Case D: 333 fs red shifted pulse; (c) Case E: 666 fs red shifted pulse.

Case C D E

Error 0.123 0.094 0.057
T1 (fs) 968.8 793.2 809.6
T2 (fs) 883.5 1052.8 1383.9
A 1.145 0.677 0.406

fO 0.00071 0.000712 0.000525
tau (fs) 2283.4 2665 2592.2

t j(fs) -0.364 9.34 12.1

a2 4.24E06 5.66E06 5.25E06
phO 3.75 3.88 4.62
en_f 2.22 2.47 2.5

td f=0 0 1 2
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Table 3.17. The average data of difnulated traces from the double pulse model

simulation program for different cases with different time detuning at around 0O fs, 333

fs and 666 fs. The energy is at around 2.2 mJ. T1 (Pulse duration of the Raman pulse

(E1)), T2 (Pulse duration of the rettited pulse (&), A (Amplitude ratio between

Raman pulse and Red shifted pulse), fO (Center frequency), fO (Center frequency), tau

(Ti me delay), t | (Time jitter), a2 (The c
phase shift) and en_f (Amplitude efticient of Rabi frequency). The td_f is the

parameter, which controls the frequency separation of the instantaneous frequency of

E: and E for different cases.

In Figure 3.2, the simulated trace looks very similar to the original trace from
experimentsThe instantaneous frequency of the Raman pulse is lainégr, and the
instantaneous frequency of the red shifted pulse is linear chirp with a gaussian dip in
the middle. It is clear that thdip in the middle of instantaneous frequency becomes
smaller when the time delay becomes bigger. In Figure 3.2 (a), The instantaneous
frequency of Raman and red shifted pulse are overlapped at the edges. This is because
the pulses are resonant with thenRea transition which make the total detuning at
zero on the edge. On the other hand, the reason why the instantaneous frequency
becomes larger at the center is thhé Stark shift and Rabi frequency were
maximized when the two pump pulses overlapped ®atth otherFor Figure 3.2 (b)

and (c), when the time delay becomes larger, thmadRascattering moved away from
resonance, causing the red shifted pulse to grow and take the lead. The time delay also

results in the constant detuning on the instantaneeqgadncy of red shifted pulses.

From Table 3.17, the average error for dssndE are lower than 0.1 which is better

than the results from FROG. For cdSethe average error is 0.123, which is at the
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same level as the results from FROG. The instantendtequency separation
between Raman pulse and red shifted pulse is equal to td_f*333+t_j (fs). The average
instantaneous frequency separations for C, D and E cases-ar864t fs, 332.34 fs
and 678.1 fs. The average chirp rates of the Raman and fel ghilses are similar

to that of the pump pulse.

Theaverage pulse duration of 5 around 800 fs, whereas the average pulse duration
of E> goes up from 883.8 fs for ca€e 1052.8 fs for casb to 1383.9 fs for cask. At

the same time, the paramefegramplitude ratio between Raman pulse and Red shifted
pulse, decreases from 1.145 for c&.677 for cas® to 0.406 for cas&. From

this trend of T2 andC, the red shifted pulse becom&tsongerwhen the time delay
becomes largef his observation isttributed to the time mismatch between the pump

and the overlapped region of the pump Stakespulses.

3.3 Simulation Results with Different Energy

In the next stage, the simulation resudrsd the experimental results for the three
different energies of 1.2 mJ, 1.7 mJ and 2.2 mJ at the pump pulse delay of 333fs are
compared. These results are shown in Figure 3.3 and the modelled time varying

frequency shift increases in magnitude with iasiag pulse energy.

For each set of 3 measurements, the red shifted pulse with different pulse energies is
compared. The pulse duration for the pumps is given by the FROG measurements of
the pumps. The beam area was given by the diameter of the holeywwihich was

150pm and 30% of the light was transmitted through fiber. The fiber emits white light
along most of the fiber, indicating loss of power with over the lengthlrfg.energy

is measured before the hollow fiber and the experiments are perf@amtulee
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average energies of 1.2 mJ, 1.7 mJ and 2.2 Imihe model, the average energy

before the fiber is represented by the variable coefficient en_f.
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Figure 3.3 Simulation results with different intensity delay by neregram.Left: up-

The instantaneous frequency of the Raman pulse and red shifted pulse with different
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energy, dowrthe amplitudes; Right: ufimulation, dowrexperimental data. Unit for

x-axis: 46.77109s/pixel. Unit for yaxis: 0.1670369 THz/pixel. (a).2 mJ. (b) 1.7

mJ. (c) 2.2 mJ.

Case 1.2mJ 1.7mJ 2.2mJ

Error 0.0869 0.058 0.0887
T1 (fs) 900 833.9 897
T2 (fs) 1420.1 1180.8 1292.9
A 0.155 0.217 0.767
fO 0.00106 0.00088 0.00119
tau (fs) 2953.4 2988.7 2683.8
t j (fs) 58.5 21.47 39.8
a2 5.2E06 5.38E06 5.52E06
phO 2.1 1.51 4.057
en_f 15 2.04 2.88
td f=0 1 1 1

Table 3.18. The average data of 3 simulated traces from the double pulse model

simulation program for different cases with energy at 1.2 mJ, 1.7 mJ and 2.2 mJ. The

time detuning is at around 333 fs. T1 (Pulse duration of the Raman pulgeTE

(Pulse duration of the red shifted pulse){EA (Amplitude ratio between Raman

pulse and Red shifted pulse), fO (Center frequency), tau (Time delay), t_j (Time jitter),

a2 (Thec hi rp

rat e of

i nstantaneous

frequency

(Amplitude coefficient of Rabi frequency). The td_f is the parameter, which controls

the frequency separation of the instantaneous frequency ahd E for different

cases.

From Table3.18, the average error for all three cases is lower than 0.1 which is better

than the results from FROG. The pulse duration foaritl E are around 850 fs and
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1300 fs which fits expectation. The instantaneous frequency separation between
Raman pulse anced shifted pulse is equal to td_f*333+t_j (f$he instantaneous
frequency separations for three energy cases are simtichirp rates of the Raman

and red shifted pulses are similar to that of the pump pulse, which at abo®65.0E

In Figure 3.3,the simulated trace looks very similar to the original trace from
experiments. The dip in the middle of linear instantaneous frequency of red shifted
pulse are caused by Rabi frequenidye amplitude coefficient of Rabi frequency en_f

is related to the mdle dip oflinear instantaneous frequency of red shifted pulse. The
higher the en_f is, the deeper the dipFom the EquationS) and ), the amplitude

of the Rabi frequency is energy dependent, which means that the Rabi frequency
becomes bigger when the energy increases. Meanvitale, Table 1, the en_for
different energy cases with 1.2 mJ, 1.7 mJ and 2.2 mJ are at 1.5, 2.01 and 2.88
respectively, which would agree well with a final transmission of 30% of the total

energy. This shows the same trend as the theory about the Rabi frequency.
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Chapter 4

Conclusion

In this paper, | have compared experimental FR&p@ctrograms of the first anti
Stokesorder of MRG spectrum to a double pulse model simulation spectrogram
derived from the twgohotonRabi frequency and Stark shift of the resonant Raman
process. From the figures and tables above, the result does fit the expectation and
theory. The errors between double pulse model simulation and the experiment results
are around or lower than 0.1, whichaisthe same level as the results from FROG. It
helps researchers gain more understanding about the structure of the Raman pulse and
red shifted pulse. The Rabi frequency is intensity dependent, and the intensity of the
red shifted pulse will becomstronge when the time delay becomes larger. These
data and analysis prove that the generation of red shifted spectra in MRG experiment

is from the twephoton Stark shift and Rabi frequency.

In the next stage, more experiments with different time delay at 5)A333 fs and
1666 fs should be done to study the intensity of red shifted pulse. Meanwhile, the
researchers can also try to use more intense pump to do the MRG experiment and

study the red shifted spectra. Those can help the researchers test thiuttresmry

In future research, the absence of the blue shifted spectra in MRG experiment is also
an interesting topic to explore. From the simulation results for blue shifted cases, the
4-wave mixing effect is more dominant than the {ghwmton Stark shift red Rabi
frequency. Hence, thetave mixing process is one of the causes of absence of the
blue shifted spectraOn the other hand, from the twphoton Stark shift and Rabi

frequency theory, the blue shifted pulses require the pump pulses to start at the E
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level on the ground state. The particle density ‘aeizel on the ground state is very

low, so it is hard to observe the blue shifted spectra in MRG experiments.

Furthermore the double pulse model simulation can be improved by Artificial
Intelligenceand machine learning technologies. This will help the researchers obtain
the data and simulation results in a faster and more convenient way. With the help of
more efficient tools, the researchers will be able to gain a better understanding of the

MRG expeiment and process.
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