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ABSTRACT 

In this thesis, a theory is first presented for a far-off resonance mode-locked 
Raman laser in H2 with high finesse cavity enhancement. The theoretical derivation for 
the mode-locked Raman laser is based on semiclasscial laser theory and time-dependent 
continuous wave (CW) Raman theory. Numerically calculated results, including the intra-
cavity fields’ amplitude and phase evolution and output Stokes power versus input pump 
power are discussed in three different regimes depending on the relationship between the 
coherence dephasing rate and the repetition rate of the mode-locked pump laser. Then 
experimentally, first an actively mode-locked external-cavity diode laser (ML-ECDL) 
was built along with a demonstration of how to frequency lock all the longitudinal modes 
from the ML-ECDL to a high finesse cavity. Then a tapered amplifier diode system was 
designed to increase the ML-ECDL power. Finally, a far-off resonance mode-locked 
Raman laser pumped by a ML-ECDL was demonstrated. With nine longitudinal pump 
modes, when operating at an average power level slightly above the CW threshold (3.89 
mW), each of the pump modes, taken on its own, is below the CW lasing threshold. If 
these pump modes are not in-phase, the threshold will be nine times the CW threshold, 
roughly 35 mW. However the measured threshold for the ML Raman laser is about 5.4 
mW, much less than 35 mW, because the pump modes are in-phase, and they can 
augment each other through four-wave-mixing processes causing all of them to lase as 
expected from the theory. The full width half maximum of the ML Stokes output is 310 
ps. The beat signals from the ML Stokes showed that the Stokes pulses were made of at 
least eight modes.  
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CHAPTER 1 

INTRODUCTION 

Raman Scattering 

To understand a Raman laser, we first need to explain Raman scattering, which 

was discovered by Chandrasekhara Venkata Raman in 1928 and for which he received 

the 1930 Nobel Prize in physics.  

Scattering is one of the most common phenomena of everyday life. We see 

objects due to the light scattering from the object’s surface. We see blue skies and red 

sunsets because sunlight scatters from molecules in the atmosphere. 

When light interacts with atoms or molecules, most photons are elastically 

scattered (Rayleigh scattering): the scattered photons have the same energy (frequency) 

as the incident photons. However, a small fraction of the scattered light is at different 

frequencies, usually lower than the frequency of the incident photons. This is inelastic 

scattering, and Raman scattering is in this category. In a gas, Raman scattering can occur 

with a change in vibrational, rotational or electronic energy of the scattering molecule.  

In Raman scattering, when the scattering molecule absorbs energy, we call it 

“Stokes scattering”; when the molecule loses energy, we have Raman anti-Stokes 

scattering. Figure 1-1 shows Rayleigh, Raman Stokes and Raman anti-Stokes using an 

energy level diagram. In Rayleigh scattering, the molecule absorbs an incident photon of 

energy 0hν  and then emits a photon with the same energy. For Stokes scattering, an 
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incident photon with energy 0hν  yields a scattered photon at 0 21( )h ν ν−  and leaves the 

energy 21hν  in the scattering molecule. For anti-Stokes scattering, the scattered photon’s 

energy is 0 21( )h ν ν+  where the additional energy of 21hν  is taken from the molecule. 

 

Figure 1-1. Three different types of scattering. Rayleigh (no energy exchange), Stokes 
(molecule absorbs energy) and anti-Stokes (molecule loses energy). ( )i sE  represents the 
incident and scattering photon energies. 0ν  is the incident photon’s frequency. 21hν  is the 
energy difference between the vibrational state and the ground state. 

 
 

Stimulated Raman Scattering 

Now that we have a basic understanding of Raman scattering, let us discuss 

stimulated Raman scattering (SRS) [1]. SRS was first discovered, rather accidentlly, by 

Woodbury and Ng [2] in 1962. It was found in the investigation of a Q-switched ruby 

laser, utilizing a Kerr cell with nitrobenzene in the optical cavity, that the laser’s output 



 
 
 

3

red-ruby light intensity decreased, rather than increased, at high excitation of the ruby. At 

the same time, a strong infrared emission occured, the result of SRS. 

In order to make the spontaneous Raman scattering into SRS, either a high gain 

( G ) or long propagation path ( z ) is needed because 0
Gz

s sI I e= , where 0sI  is the 

spontaneous Raman scattering intensity. Most SRS studies are under the far-off-

resonance condition as shown in figure 1-2, which means the pump laser frequency is 

much smaller than the frequency difference between the ground state and the excited 

electronic state, so the gain of the SRS is very low. The Raman gain is proportional to 

pump intensity, so normally a high-power pulsed solid-state laser is used for the pump 

source and the SRS threshold is in the range of 10-103 kW of pump power [3-6]. 

 

       

Figure 1-2. Far-off resonance energy level configuration. The pump laser frequency 
pumpω  is much less than the frequency difference between the ground state and excited 

electronic state 21ω . 
 

excited electronic 
state |2> 

pumpω

21ω

21pumpω ω�

virtual state 
Stokesω

ground state |1> 
vibrational  
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Raman Laser 

Raman lasing requires taking the spontaneoulsy scattered Raman light and 

amplifiying it inside an optical cavity to emit a coherent laser beam. In other words, 

inside the optical cavity, the cirulating electric field must constructively interfere with the 

incoming electric field.  

The solid state pulsed lasers used in SRS are not good pump sources for Raman 

lasers because the pulse width, in general, is much shorter than a useable cavity length. 

This relationship between the pulse width and the cavity length makes the build up of the 

intra-cavity coherence (phases between fields) very difficult, but not impossible. An 

example of such a system has been shown by J. H. Dennis and P.E. Tannenwald [7].    

For a CW pump, since the far-off resonance gain is so low, most previous CW 

Raman lasers used near-resonance pumping, including a 67 mμ  CW Rb Raman laser in 

14NH3 [8], a dye laser pumped CW sodium Raman laser near the Na D1 line [9], a two 

photon pumped CW Rb Raman laser near 776 nm [10] and various CW Raman laser near 

the Ne resonance in the He-Ne laser discharge tube [11-13]. Since those lasers were near-

resonance, the frequency tunability was very limited. In recent years, the Carlsten group 

started to use high-finesse-cavity (HFC) enhancement to increase the gain inside the 

Raman cavity ― allowing them to create a far-off resonance CW Raman Laser. The 

spectra of the CW pump and Stokes are shown schematically in figure 1-3 (the Stokes 

intensity can be smaller, equal or larger than the pump intensity). These HFCs, whether 

linear or ring, consist of mirrors with high reflectivities (>99.99%) resulting in a finesse 
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of 104 or higher. Furthermore, the mirrors were double coated so high finesse can be 

realized at both the pump and Stokes wavelengths.  

                                  
             

Figure 1-3. CW Raman laser frequency shift. 
 

 
Far-off Resonance CW Raman Laser Development 

The first far-off resonance CW Raman laser was achieved by Brasseur et al. [14] 

in 1998. The pump was a frequency-doubled Nd:YAG laser, and the Raman gain medium 

was hydrogen gas (H2). Then Roos et al. [15] demonstrated the first diode-pumped CW 

Raman laser, using a free-running diode laser and a passive optical locking technique. 

Because these lasers operate far off resonance with virtual states involved in the two-

photon Raman process, their gain depends only weakly upon the pump wavelength. Thus, 

using external cavity diode lasers (ECDL) that can be tuned over tens of nm, Meng et al. 

[16] developed widely-tunable CW Raman lasers. 

With the build-up of pump laser power provided by the HFCs, the lasing 

threshold can be lower than 1 mW. With the variety of commercially available low-cost 

diode lasers and with common gases such as CH4 and H2 for the Raman medium, CW 

Raman lasers can now cover the spectrum from the visible to the near IR ( ~4μm ).  

fStokes fpump 

Intensity 
Raman Shift 

Frequency 



 
 
 

6

Prospect of Far-off Resonance Mode-locked Raman Laser  

After several years of research on CW Raman lasers, here we make a mode-

locked Raman laser source, starting with a mode-locked diode laser as the pump laser.  

This is a possible scenario if the pulse circulating within the HFC resonates in such a way 

that its return to the input mirror is synchronized with the arrival of the next incoming 

pulse. Since a mode-locked laser can be viewed as a set of coherent CW modes, this 

condition is met when all the CW modes are simultaneously resonant in the laser cavity.   

The spectrum of the mode-locked pump and Stokes are shown schematically in figure 1-4.   

                    

Figure 1-4. Mode-locked Raman laser frequency shift. 
 

 
This thesis investigated whether such a device could operate with approximately 

the same average pumping power as a CW Raman laser, even if all the pumping modes 

were individually below threshold. We were encouraged by the earlier work of J. Rifkin 

[17], who showed that the correlated Raman gain driven by a multi-longtudinal mode 

laser can be larger than the gain for a single mode laser because of “collaboration” 

between the modes by four-wave-mixing processes. However with a mode-locked source, 

we were not sure if the collaboration would help build up the gain for a  particular Stokes 

fStokes fpump 

Intensity 

Frequency 

Raman Shift 
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mode. We also wanted to know if all the different Stokes modes --- as well as the residual 

pump modes –would have the proper phase to yield short pulses after the Raman lasing.  

The most challenging part in the experiment was expected to be frequency 

locking all the longtitudinal modes from the mode-locked laser to the HFC 

simultaneously. Previous work had shown frequency locking a single laser mode to a 

HFC could be done successfully. The question was what extra efforts would be needed to 

lock the mode-locked laser to the Raman cavity? And would the hydrogen dispersion 

interfere with the locking?    

 
Structure of the Thesis 

Chapter 2 reviews the far-off-resonance CW Raman laser theory. We generalize 

the semiclassical two-level laser system theory from Sargent, Scully and Lamb [18] to a 

three-level system. With some simplifications appropriate when the pump laser is far-off 

resonance, the intra-cavity CW pump and Stokes field equations are derived.  

In Chapter 3, we change the pump source from CW (single mode) to two in-phase 

modes and derive the four intra-cavity fields (two pumps and two Stokes) and one 

coherence equation, and then we study the solutions to these simplified equations. Then 

we generalize the two-mode case to the general mode-locked case. This theory for a far-

off resonance mode-locked Raman laser in H2 with HFC enhancement is presented here 

for the first time to the author’s knowledge.  

Chapter 4 focuses on the Raman experiments. Before taking ML Raman laser data, 

there are a few preliminary tasks: building a mode-locked ECDL pump source, designing 
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an optical amplifier to provide more pump power and learning how to frequency lock the 

ML-ECDL to a HFC. All the details for these steps are given in chapter 4. The CW and 

ML Raman laser data and analysis based on theoretical simulations and experimental 

results are also presented in this chapter.  

Chapter 5 gives brief concluding remarks. A few appendices such as a method 

used in the mathematical derivation of the mode-locked Raman equations, Matlab code 

for the theoretical simulations, the optical amplifier design and the ringdown 

measurements for the high reflectivity mirrors are included.         
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CHAPTER 2 

REVIEW OF THE FAR-OFF RESONANCE SEMICLASSICAL  

CW RAMAN LASER THEORY 

Introduction of the Semiclassical Laser Theory  

Semiclassical laser theory is a combination of quantum theory and classical 

electromagnetic theory. Maxwell’s equations are used to describe the electromagnetic 

radiation in the laser cavity, and the quantum mechanical density matrix is introduced to 

obtain the macroscopic polarization of the medium from the individual dipole moments.  

The laser self-consistency diagram (Figure 2-1) by Lamb [1] is used to explain the 

semiclassical theory. Here the field  ( , )E r t� �  induces electric-dipole moments iP  in the 

medium based on quantum mechanics. Then these dipole moments are summed to yield 

the macroscopic polarization of the medium ( , )P r t� � , which acts as a source in Maxwell’s 

equations. The condition of self-consistency requires that the assumed field ( , )E r t� �  equal 

the resulting field ( , )E r t′� � . 

  

Figure 2-1. Semiclassical self-consistency diagram. 
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This section presents a general derivation of the semi-classical laser theory. 

Following the development of Lamb [1], we start with a classical treatment of the fields, 

beginning with Maxwell’s equations and assuming the laser fields are resonant cavity 

modes. Then, based on the quantum theory from Sakurai [2], density matrix is introduced 

to describe the medium’s macroscopic polarization. Since the density matrix depends on 

the laser fields, the self-consistency loop can be completed by plugging the polarization 

into the field equations derived from Maxwell’s equations, as done in the next section for 

the generalized case of the CW Raman laser.   

 
Electromagnetic Field Equations (Maxwell’s Equations) 

Let us start with Maxwell’s equations in mks units [1]: 

 
0     

,
0      

BD E
t

DB H J
t

⎧ ∂
∇ = ∇× = −⎪⎪ ∂
⎨

∂⎪∇ = ∇× = +⎪ ∂⎩

�� �i

�� � �i
 (2.1) 

where 

 0 0,     ,     .D E P B H J Eε μ σ= + = =� � � � � � �  (2.2) 

In hydrogen gas, an isotropic medium, we can assume 0P∇ =�i  [Appendix A]. Also the 

variations in the field intensity transverse to the laser axis are slowly varying on the scale 

of an optical wavelength, so we will neglect the x and y derivatives, that 

is
2

2
2

EE
z

∂
∇ = −

∂

�� [Appendix B]. Then substituting Eq. (2.2) with the time derivative of the 

curl H equation into the curl of the curl E equation  



 
 
 

13

 
2 2

02 2( ) ( )J D EH E P
t t t t t

σ ε∂ ∂ ∂ ∂ ∂
∇× = + = + +

∂ ∂ ∂ ∂ ∂

� � �� � �  (2.3) 

 

0 0 0

2 2

0 0 0

2
2

2
0 0

1 1 1( ) ( ) ( ) ( )

1 1[ ( )] [ ]

1 1

H B B E
t t t

D PE E E

EE
z

μ μ μ

μ μ ε

μ μ

∂ ∂ ∂
∇× = ∇× = ∇× = − ∇×∇×

∂ ∂ ∂

∇ −∇
= − ∇ +∇ ∇ = − ∇ +

∂
= − ∇ =

∂

� � � �

� �i i� � �i

��

 (2.4) 

 
2 2

02 2
0

1 ( )E E E P
z t t

σ ε
μ

∂ ∂ ∂
= + +

∂ ∂ ∂

� � � �  (2.5) 

Now we have the wave equation 

   
2 2 2

0 0 0 02 2 2

E E E P
z t t t

μ σ μ ε μ∂ ∂ ∂ ∂
− + + = −
∂ ∂ ∂ ∂

� � � �
 (2.6) 

where the second term of the Eq. (2.6) accounts for cavity losses. Suppose that the field 

in the laser cavity is represented in the form   

 1
2( , ) ( ) exp( ) ( ) . .n n n

n
E z t E t i t U z c cω= − +∑�  (2.7) 

where, for example, in a simple Fabry-Perot laser cavity, the axial variation of the nth 

mode (a standing wave) is given by     

 ( ) sin( ) sin( )n n
nU z K z z
L
π

∝ =  (2.8) 

With this field, the induced polarization can be expressed as  

 1
2( , ) ( ) exp( ) ( ) . ,n n n

n
P z t P t i t U z c cω= − +∑�  (2.9) 

where ( )nP t  is the complex, slowly varying component of the polarization for mode n. 
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2

21
22 ( ) ( ) exp( ) ( ) . .n n n n

n

E K E t i t U z c c
z

ω∂
= − − +

∂ ∑
�

 (2.10) 

 1 1
2 2( ) ( ) exp( ) ( ) ( ) exp( ) ( ) . ,n n n n n n n

n n

E i E t i t U z E t i t U z c c
t

ω ω ω∂
= − − + − +

∂ ∑ ∑
� �  (2.11) 

2
21

22

1
2

( ) ( ) exp( ) ( ) ( ) ( ) exp( ) ( )

         ( ) exp( ) ( ) . ,

n n n n n n n n
n n

n n n
n

E i E t i t U z i E t i t U z
t

E t i t U z c c

ω ω ω ω

ω

∂
= − − + − −

∂

+ − +

∑ ∑

∑

� �

��
 (2.12) 

 

2
21

22

1
2

( ) ( ) exp( ) ( ) ( ) ( ) exp( ) ( )

         ( ) exp( ) ( ) . .

n n n n n n n n
n n

n n n
n

P i P t i t U z i P t i t U z
t

P t i t U z c c

ω ω ω ω

ω

∂
= − − + − −

∂

+ − +

∑ ∑

∑

� �

��
 (2.13) 

Because ( )nE t  and ( )nP t vary little in an optical frequency period ( ( ) ( )n n nE t E tω� � , 

2( ) ( )n n nE t E tω�� � , ( ) ( )n n nP t P tω� �  and 2( ) ( )n n nP t P tω�� � ) and the losses are small ( 1σ � ) 

and the medium dilute, we neglect terms containing ( )nE t�� , ( )nE tσ � , ( )nP t�  and ( )nP t�� . Then, 

substituting Eq. (2.10)-(2.13) into the wave equation(2.6), for each operation frequency 

of nω , we have  

 2 2 2
0 0 0 0 0 0( )[( ) ] 2 ( ) ( ).n n n n n n n nE t K i i E t P tω μ σ μ ε ω ω μ ε μ ω− − − =�  (2.14) 

In the experiments, the operating frequencies (pump and Stokes) will be on cavity 

resonances and we have 2
2n
nc
L

ω π= , n
nK
L
π

=  (Eq.(2.8)) and 2

0 0

1c
μ ε

= , 

so 2 2
0 0( )n nK μ ε ω= . This leaves us with the following equation  

 
0 0

( ) ( ) ( ) ( ),
2 2

n
n n nE t E t P t

i
ωσ

ε ε
= − −�  (2.15) 
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where the subscript, n, will be used to denote either the pump or the Stokes field. The 

first term on the right side accounts for the losses in the medium due to the material 

conductivity. While in our case, there is no free charge or conductivity in the laser cavity, 

we take the first loss term from the cavity mirrors. Later, we will have different 

expression for the loss coefficient. The second term describes gain from the induced 

polarization.  

 
Polarization of the Medium 

Now we need to find an expression for polarization to plug into Eq. (2.15). This 

will be done by introducing the density matrix [1, 2]. We start with the density matrix for 

the two-level system.  

The interaction of radiation with matter involves a Hamiltonian H, given by the 

sum of an unperturbed term H0 and an interaction energy V: 

 0
ˆ ˆ ˆH H V= +  (2.16) 

The corresponding Schrödinger equation is 

 0
ˆ ˆ ˆ( ) ( ) ( ) ( ) .d i it H t H V t

dt
ψ ψ ψ= − = − +

= =
 (2.17) 

The Schrödinger picture state vector is written as  

 ( ) ( )j
j

t c t jψ =∑  (2.18) 

where the ( )jc t  are the probability amplitudes for the corresponding basis state vectors 

j . The equation of motion for the ( )jc t  is 
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 ˆ .j j j k
k

ic i c j V k cω= − − ∑�
=

 (2.19) 

The density matrix for a two-level system is  

 .aa ab

ba bb

ρ ρ
ρ

ρ ρ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (2.20) 

where a(b) represents the upper (lower) state and the components of the matrix are   

 

*

*

*

* *

,  probability of being in upper state,

,  probability of being in lower state,

,  proportional to the complex dipole moment,

;

aa a a

bb b b

ab a b

ba b a ab

c c

c c

c c

c c

ρ

ρ

ρ

ρ ρ

≡

≡

≡

≡ ≡

 (2.21) 

The polarization (i.e. the total dipole moment per unit volume) is given in terms 

of the off-diagonal elements of the density matrix by [3] 

 ˆ ˆ( , ) Tr( ) ( )ab ba ba abP z t N N Nμ ρμ μ ρ μ ρ= < >= = +� �  (2.22) 

where N is the number density of molecules and ˆ ˆerμ = −  denotes the electric dipole 

moment operator of the atom. We also have defined the polarization as in Eq.(2.9), so we 

have  

 1 ( ) exp( ) ( ) .
2 n n n ab ba

n
P t i t U z Nω μ ρ− =∑  (2.23) 

The laser cavity spatial modes are orthogonal:     

 *
20

0

0                         
( ) ( )

( )      
L

Ln m
n

n m
U z U z dz

U z dz n m

≠⎧⎪= ⎨
=⎪⎩

∫ ∫
 (2.24) 

We use the orthogonality property by multipling * ( )mU z  on both sides of Eq. (2.23) and 

then integrating over cavity length, yielding  
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*

0

*

0

( )
( ) 2 exp( ) .

( ) ( )

L

ab ba m
m m L

m m

U z dz
P t N i t

U z U z dz

μ ρ
ω= ∫

∫
 (2.25) 

 
So far we have used classical electromagnetic theory to describe the laser cavity fields 

and also used quantum mechanics to get the polarization, which is dependent on the off-

diagonal component of density matrix. Since the density matrix depends on the laser field, 

we can now complete the self-consistency loop of figure 2-1 by plugging Eq. (2.25) into 

Eq. (2.15).  

 
CW Raman Laser Theory 

Now we extend the semiclassical laser theory to get the CW Raman laser 

intracavity field equations. In this complicated dynamics, the pump and Stokes fields will 

interact with each other, giving us a set of coupled equations for the fields. We start with 

field’s equation Eq.(2.15), then find the polarization of the Raman medium and plug it 

into Eq.(2.15); finally the coupled Raman laser field’s equations can be achieved. This 

has been previously done by J. Brasseur [4], L. Meng [5] and P. Roos [6]. 

 
Raman Process Equation Derivation 

To find an expression for the polarization of the Raman medium, let us start with 

an energy level diagram. Figure 2-2 shows the energy levels of H2 with a 800 nm laser 

used for the CW pump not drawn to scale. The ground state and first electronic state are 

labeled |1> and |2> respectively. The dashed line represents the virtual level. The pump 

and Stokes radiation fields will both be far-off resonance from the |2> ↔ |1> and |2> ↔ 
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|3> transitions. The transition between levels |3> and |1> is electric dipole forbidden. The 

pump laser establishes a polarization of the medium between the ground state |1> and the 

electronic state |2>, which in turn produces a Stokes that establishes a polarization of the 

medium between the electronic state |2> and the vibrational state |3>. δ  is the detuning 

between the virtual level to the first excited state |2> and it is much larger than the pump 

frequency, so we consider this Raman process far-off-resonance. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2. Energy level diagram of H 

2.    
 

 

We assume that the interaction energy can be described in the electric dipole 

approximation, in which case the interaction Hamiltonian has the form  

 ˆ ˆ( ) ( ).V t E tμ= − �i  (2.26) 

|2>

|1> 
|3>

Pump 
800 nm 

Stokes 
1200 nm 

pω sω

21

23

p

s

δ ω ω
ω ω

= −

= −pδ ω�

δ
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where * *1 1
2 2( ) ( ) ( ) ( ) ( )p p s si t i t i t i t

p s p p s sE t E t E t E e E e E e E eω ω ω ω− −= + = + + +� � � . The molecular 

wave functions in a diatomic molecule like H2 corresponding to states |1>, |2> and |3> 

have definite parity so that the diagonal matrix elements of μ�  vanish 

(i.e. 11 22 33 0μ μ μ= = = ) and, hence, 11 22 33 0.V V V= = =  And since |3> ↔ |1> is 

forbidden, *
31 13 0μ μ= =  and *

31 13 0V V= = . So the nonvanishing elements of V
�

 are 

 * *
21 12 21 23 32 23( ) and ( ),V V E t V V E tμ μ= = − = = −� �  (2.27) 

Now we introduce the density matrix for our three-level problem 

 
11 12 13

22 22 23

31 32 33

ˆ
ρ ρ ρ

ρ ρ ρ ρ
ρ ρ ρ

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (2.28) 

where *
nm mnρ ρ= . The time evolution of the density matrix [3] is given 

 
1,2,3

2( )

1( ) ( ),nm nm nm n m n m
nm

ii V V
T α α α α

α

ρ ω ρ ρ ρ= − + − −∑�
=

 (2.29) 

with the condition 

 11 22 33 1ρ ρ ρ+ + =  (2.30) 

and T2(nm) is dipole moment dephasing time between states |n> and |m>.Based on the 

Eq.(2.29), the coherence equations can be written 

 
21 21 21 21 11 22 23 31

2(21)

21 21 21 11 22 23 31
2(21)

1( ) [ ( ) ]

1( ) ( )

ii V V
T

i ii E E
T

ρ ω ρ ρ ρ ρ

ω ρ μ ρ ρ μ ρ

= − + − − +

= − + + − +

�
=

� �
= =

 (2.31) 



 
 
 

20

 
23 23 23 23 33 22 21 13

2(23)

*
23 23 23 33 22 21 31

2(23)

1( ) [ ( ) ]

1( ) ( )

ii V V
T

i ii E E
T

ρ ω ρ ρ ρ ρ

ω ρ μ ρ ρ μ ρ

= − + − − +

= − + + − +

�
=

� �
= =

 (2.32) 

 
31 31 31 32 21 21 32

2(31)

* *
31 31 23 21 21 23

2(31)

1( ) [ ]

1( )

ii V V
T

i ii E E
T

ρ ω ρ ρ ρ

ω ρ μ ρ μ ρ

= − + − −

= − + + −

�
=

� �
= =

 (2.33) 

By introducing the slowly varying quantities 21σ , 23σ  and 31σ , defined by 

21 21( ) ( ) pi tt t e ωρ σ −= , 23 23( ) ( ) si tt t e ωρ σ −=  and ( )
31 31( ) ( ) p si tt t e ω ωρ σ − −= , then the slowly 

varying part coherence equations can be expressed as 

 21 21 21 21 11 22 23 31
2(21)

1[ ( ) ] ( )p pi t i t
p

i ii e E e E
T

ω ωσ ω ω σ μ ρ ρ μ ρ= − − − + − +� ��
= =

 (2.34) 

 *
23 23 23 23 33 22 21 31

2(23)

1[ ( ) ] ( )s si t i t
s

i ii e E e E
T

ω ωσ ω ω σ μ ρ ρ μ ρ= − − − + − +� ��
= =

 (2.35) 

 

( ) *
31 31 31 23 21

2(31)

( ) *
21 23

1{ [ ( )] } p s

p s

i t
p s

i t

ii e E
T

ie E

ω ω

ω ω

σ ω ω ω σ μ ρ

μ ρ

−

−

= − − − − +

−

��
=

�
=

 (2.36) 

Now what we have the expression for the density matrix, we can return to the 

field and polarization equation. The polarization can be written in terms of the density 

matrix as 

 21 12 23 32ˆ ˆ( , ) Tr( ) ( ) .P z t N N N c cμ ρμ ρ μ ρ μ= < >= = + +� �  (2.37) 

and the complex, slowly varying envelope of the polarization for mode n becomes  



 
 
 

21

 
*

21 12 23 320

*

0

( ) ( )
( ) 2 exp( ) ,

( ) ( )

L

n
n n L

n n

U z dz
P t N i t

U z U z dz

ρ μ ρ μ
ω

+
= ∫

∫
 (2.38) 

an obvious generalization of (2.25). Because 21 23( )ρ ρ  has the same spatial dependence as 

the pump (Stokes) field, only one term survives the spatial integration for either pump or 

Stokes polarization 

 

*
0

*
0

( ) ( )

12 21
( ) ( )

12 21

*
21 21

( ) 2 [ ( )]

2 ( )

2 ,

L
p p

L
p p

U z U z dz

p p
U z U z dz

p

P t Nexp i t

Nexp i t

N

ω μ ρ

ω μ ρ

μ σ

∫=
∫

=

=

 (2.39) 

 

*
0

*
0

( ) ( )

32 23
( ) ( )

32 23
*
23 23

( ) 2 [ ( )]

2 ( )

2

L
s s

L
s s

U z U z dz

s s
U z U z dz

s

P t Nexp i t

Nexp i t

N

ω μ ρ

ω μ ρ

μ σ

∫=
∫

=

=

 (2.40) 

Inserting Eqs. (2.39) and (2.40) into Eq.(2.15) gives the intra-cavity field’s 

equation 

 *
21 21

0 0

( ) ( ) ( ) 2 ( )
2 2

p p
p p

i
E t E t N K t

σ ω
μ σ

ε ε
= − + +�  (2.41)  

 *
23 23

0 0

( ) ( ) ( ) 2
2 2

s s
s s

iE t E t Nσ ω μ σ
ε ε

= − +�  (2.42) 

where K(t) accounts for the transmission of the pump field into the HFC. 

 So the CW Raman process can be described with the following set of couopled 

ordinary differential equations [7]: 

 *
21 21

0 0

( ) ( ) ( ) 2 ( )
2 2

p p
p p

i
E t E t N K t

σ ω
μ σ

ε ε
= − + +�  (2.43) 



 
 
 

22

 *
23 23

0 0

( ) ( ) ( ) 2
2 2

s s
s s

iE t E t Nσ ω μ σ
ε ε

= − +�  (2.44) 

 
21 21 21 21 21 11 22

( )
23 31

[ ( ) ] ( )p

p p s

i t
p

i t i t

ii e E

ie e E

ω

ω ω ω

σ ω ω γ σ μ ρ ρ

μ σ − −

= − − − + −

+

��
=

�
=

 (2.45) 

 
23 23 23 23 23 33 22

( )*
21 31

[ ( ) ] ( )s

p ss

i t
s

i ti t

ii e E

ie e E

ω

ω ωω

σ ω ω γ σ μ ρ ρ

μ σ −

= − − − + −

+

��
=

�
=

 (2.46) 

 

( ) *
31 31 31 31 23 21

( ) *
21 23

{ [ ( )] } p s p

p s s

i t i t
p s

i t i t

ii e e E

ie e E

ω ω ω

ω ω ω

σ ω ω ω γ σ μ σ

μ σ

− −

−

= − − − − +

−

��
=

�
=

 (2.47) 

Where 
2( )

1
mn

mnT
γ ≡  is the dipole moment dephasing rate. It is not easy to solve those 

differential equations, even numerically. Luckily, a couple of approximations can be 

made for this system. We are going to go through these step by step in the following 

section.    

 
Far-off Electronic Resonance and  
Ground State Non-Depletion Approximation 

The first approximation that will be made is that the pump laser is far off 

electronic resonance or 21 pω ω� . The energy from the ground state to the first excited 

electronic state in H2 is about 84,800 cm-1 which is about seven times larger than the 

pump laser’s wave number of 12,000 cm-1. As a result, the population in the excited state 

(level |2>) can be assumed to be zero and all the interactions related with level |2>) are 
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considered to zero too, so 22 22 0ρ ρ= =� . Also the slowly varying part of the coherences 

with level 2 will not be affected by the laser interaction, so 21 23 0σ σ= =� � . 

 The next approximation that will be made is that the ground-state is not depleted. 

The following calculation will show why it is safe to think so. At 10 atm. of H2, the 

density is approximately 202.7×10  molecules/cm3. A Raman cell with 50 cm radius of 

curvature mirrors spaced by 17.78 cm gives an interaction volume through one focus of 

approximately of 0.02 cm3, so the average number of molecules in the interaction volume 

is about 186×10 . If all these molecules yielded Stokes photons within the 40 sμ∼ lifetime 

of the vibrational state, we would have 25 kW of Stokes power, which exceeds the 

10mW Stokes output expected from the cavity by 6 orders of magnitude. This means that 

most of the molecules are in the ground-state or the ground-state is not depleted. So 

11 33ρ ρ−  is set to one. Also we have 11 22 1ρ ρ− =  and 22 33 0ρ ρ− = .   

 
Simplified Intra-cavity Raman Fields’ Equation 

With those approximations ( 21 23 0σ σ= =� � ), we can write 21σ  and 23σ in terms of 

31σ  by setting the left side of Eq. (2.45)and (2.46) to be zero, yielding 
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where 21 21( )pδ ω ω γ= − �  and 23 23( )sδ ω ω γ= − �  as shown in figure 2-2 because of 

far-off-resonance. We insert these into Eq. (2.47) to get an equation for 31σ ,  
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 (2.50) 

Here * *
23 23 21 21μ μ μ μ≈  and 31 1σ �  [5], so the last term on the right side of Eq. (2.50) is 

relatively small compared with the second term. Then the 31σ  (coherence) equation 

becomes 



 
 
 

25

 

*
( )2 23 21

31 31 31 31 2

*
( )23 21

31 31 31 2

2 ( ) ( )2 * *

2 ( ) (* * 2 * * *

{ [ ( )] } ( )

{ [ ( )] }
4

[

( )

p s

p s

p p s p s

p p s

i t
p s

i t
p s

i t i t i t
p p p p s p s

i t i t i
p p p p s p s

i i E e

i i e

E e E E E E e E E e

E E E e E E e E E e

ω ω

ω ω

ω ω ω ω ω

ω ω ω ω

μ μσ ω ω ω γ σ
δ

μ μω ω ω γ σ
δ

−

−

− − + − −

−

= − − − − +

= − − − − +

+ + +

+ + + +

��
=

=

)

( ) ( ) 2* 2 *

( ) ( ) 2* * * * * 2( ) ]

p s

p s p s s

p s p s s

t

i t i t i t
s p s p s s s

i t i t i t
s p s p s s s

E E e E E e E e E E

E E e E E e E E E e

ω

ω ω ω ω ω

ω ω ω ω ω

+

− + − −

− − +

+ + + +

+ + + +

 (2.51) 

The general solution to Eq.(2.51) shows that the significant terms are those with 

variations slower than or comparable to 31γ (Appendix C). Therefore, we will safely drop 

all the terms that oscillate at pω , sω or p sω ω−  because even at high pressures,  31γ  will 

never be comparable to an optical frequency. We can then simplify Eq. (2.51) to: 
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where 31( )p sω ω ωΔ ≡ − − and 
*
23 21

31 22
g μ μ

δ
≡

=
. For simplicity, in the remaining discussion 

and simulations we set 0Δ ≈  or 31 p sω ω ω≈ − , assuming that the two-photon Raman 

detuning is zero. The HFC intra-cavity fields ( pE  and sE ) buildup time is ~µs, which is 

about 3 orders of magnitude slower than coherence decay time (
31 GHzγ ∼ ), so the 

coherence is well established in the CW Raman regime. Then Eq. (2.52) is set to zero and 

31σ   can be easily solved: 
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*

31
31

31

s pig E E
σ

γ
=  (2.53) 

Inserting the coherence expression (2.53) into Eqs.(2.48) and (2.49), then the field Eqs. 

(2.43) and(2.44), we can get the CW Raman intra-cavity fields’ time evolution equation: 

 ( )
0

1
312 ( , )s

inp p p s pE E ig E K E tσ
ε σ= − + +�   (2.54)  

 ( )
0

*1
312

s
s s s pE E ig Eσ

ε σ= − +�  (2.55) 

where 
*
21 23

02
p

p

N
g

ω μ μ
ε δ

≡
=

 and 
*
23 21

02
s

s
Ng ω μ μ
ε δ

≡
=

. Here we also neglect terms [Appendix C] 

oscillating faster than the cavity lost rate, which is on the order of 510 , as shown later. 

Finally inserting Eq.(2.53) into the last two fields’ equations, we get a set of pump and 

Stokes intra-cavity field equations describing the CW Raman laser with an established 

coherence 
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 s
s s s p s

g gE L E E E
γ

= − +�  (2.57) 

where ( )

0

1
( ) 2

p s

p sL σ
ε=  represents the cavity loss for pump and Stokes wavelengths and 

31sg g  represents the gain for Stokes growth. 

In this chapter, we first introduced the semiclassical laser theory and then used 

this theory to derive the far-off resonance CW Raman laser intra-cavity fields’ equations. 
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Here we only deal with one pump and one Stokes mode. In the next chapter, we will 

extend the work to multiple pump and Stokes modes.  
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CHAPTER 3 

SEMICLASSICAL THEORY FOR A FAR-OFF RESONANCE  

MODE-LOCKED RAMAN LASER  

Mode-Locked Laser 

 A mode-locked (ML) laser is a laser in which multiple phase-locked laser cavity 

modes oscillate simultaneously, which results in a series of short pules at a repetition rate 

determined by the round trip time in the cavity. In the frequency domain, a ML laser is 

made of a series of spectral lines separated by the lasers’ repetition rate or the free 

spectral range of laser cavity and the temporal pulse length is inversly proportional to the 

range spanned by the spectral lines. The temporal pulse widths vary from picosecond to 

attoseonds [1-4]. 

 
Laser Cavity Modes (Resonator Modes) 

The laser is an optical oscillator which, for the simplest case, is made of two flat 

mirrors on both ends (known as a Fabry-Perot cavity) with a gain medium in between. 

The gain profile usually has a certain frequency bandwidth (Figure 3-1a), allowing the 

laser to emit over this bandwidth. When light bounces between the mirrors, the light will 

interfere with itself constructively or destructively, leading to many different standing 

waves between the mirrors. For constructive inteference, the allowed waves will have an 

integral number of half wavelengths between the cavity mirrors. The allowed standing 
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waves form a set of discrete frequencies, known as the longitudinal modes of the cavity. 

The frequencies can be calculated by 
2q

cq
nL

υ =  (Figure 3-1b), where q is the mode 

number, c is the speed of the light in vacuum, L is the separation distance between the 

mirrors and n is the refractive index of the medium. Note that the frequency spacing 

between adjacent resonator modes is defined as the free spectral range of cavity and 

calculated as 
2F

c
nL

υ = . These longitudinal modes are the only frequencies of light 

allowed to oscillate in the resonant cavity; all other frequencies of light are suppressed by 

destructive interference. So the ML laser output spectrum with the consideration of the 

gain medium bandwith and cavity modes is as shown in figure 1c.  
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Figure 3-1 (a) Laser gain bandwidth, (b) Cavity longitudinal modes and (c) Laser output  
spectrum.  

 
 

Mode Locking Theory 

 Mode locking is a technique for generating pulsed lasers and is obtained by phase 

locking the laser cavity modes together [5]. Since the frequency spacing of adjacent 

cavity modes is constant (it may slightly change because of the variation in n), when their 

phases are locked together, they behave like a periodic function in frequency domain, and 

therefore form a periodic pulse train in the temporal domain after applying a Fourier 

transform.  
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 Assuming there are M cavity modes, all plane wave, propagating in the z 

direction with a velocity of cv
n

= , we may write the total complex amplitude of the field 

in the form of: 

 ( , ) exp[ 2 ( )]
R

q q
q R

U z t A j t z vπυ
=−

= −∑  (3.1) 

where 0   ( , 1,...0,... 1, ,    2 1)q Fq q R R R R M Rυ υ υ= + = − − + − = +  is the frequency of 

mode q , qA  is the complex amplitude, and 0υ  is the center frequency when 0q = . The 

magnitude qA  is determined by the gain profile and mirror loss; here for convenience, 

we assume that all the qA A= . Substituting all these into Eq. (3.1) provides 

 0( , ) exp[ 2 ( )] exp[ 2 ( )] 
R

F
q R

U z t A j t z v j q t z vπυ π υ
=−

= − −∑  (3.2)  

and by using the arithmetic power series (1 )
1
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N
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a xn
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−
=

=∑ , the intensity can be written  
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 (3.3) 

where 1 2
F

F

nLT
cυ

= =  is the period of pulse train. The shape of mode-locked laser pulse 

train is therefore dependent on number of modes M . If FMυ υΔ = , the pulse width 

1FT Mτ υ= = Δ . If M is large, very narrow pulses can be generated. The ratio of the 
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peak intensity to the average intensity is equal to mode number M, which can be quite 

large. Figure 3-2 shows three laser modes of equal magnitudes and phase and the 

intensity of the periodic pulse train resulting from the sum of those modes. 

 

 

Figure 3-2. (a), (b) and (c) show three phase locked field magnitudes. (d) shows the result 
of summing then squaring the fields in (a), (b) and (c). In (d), each pulse has a width that 
is 3FT   and peak intensity 3 times greater than the mean intensity. 

 
 

Mode Locking Methods 

In reality, cavity modes normally oscillate independently (called free-running 

modes) and the phase of these modes is not locked and may vary randomly due to  

thermal effects. There are two main methods to produce a ML laser:  active and passive. 
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Active modelocking typically involves using an external signal to induce a modulation of 

the intra-cavity light, such as periodically modulating the intra-cavity loss with an 

acousto-optic or electro-optic modulator. Passive modelocking does not use an external 

signal, but is based on placing some element into the laser cavity which causes self-

modulation of the light, such as a saturable absorber. Generally speaking, the active ML 

pulses are on the order of picoseconds [1,2], while passive ML can generate much shorter 

pulses, on the order of femtoseconds [3,4]. That is because the saturable absorber can 

modulate the cavity losses much faster than any electronic modulator. 

 
Active Mode Locking Active mode locking (Figure 3-3) is a technique based on 

the active modulation of the intra-cavity losses or the round-trip phase change. Intra-

cavity loss modulation is also known as amplitude modulation. It can be achieved by 

putting an acousto-optic [6] or electro-optic modulator [7], Mach-Zehnder integrated-

optic modulator [8] or semiconductor electroabsorption modulator [9] inside the laser 

cavity. If the modulation signal is synchornized with laser cavity round-trip time, the 

short pulses can be generated. As to the round-trip phase modulation, it is also known as 

frequency modulation and can be achieved with a pockel cell, which can modulate the 

phase delay in the crystal. Sometimes both amplitude and frequency modulation are used 

simultaneously, for example when modulating the diode current in ML external cavity 

diode laser (ECDL).  
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Figure 3-3 Schematic setup of an actively mode-locked laser. 
 
 

Passive Mode Locking Passive mode locking (Figure 3-4) is a technique based on 

a saturable absorber inside the laser cavity. A saturable absorber is a medium whose 

absorption coefficient decreases as the intensity of the light passing through it increases; 

thus it transmits intense pulses with relatively low absorption and absorbs weak ones. 

Only when the phases of the different modes are related to each other, they form an 

intense pulse that can then pass through the saturable absorber medium. 

 

Figure 3-4 Schematic setup of a passively mode-locked laser with saturable absorber. 
 
 

Mode-Locked Raman Laser Theory Derivation 

The output of a ML laser consists of many in-phase continuous-wave (CW) fields. 

Our physical model of the general detuned (i.e. off resonance with the intermediate 

electronic state) case in a three-level system pumped with a ML laser is shown in figure 

3-5, where n labels either the particular pump or Stokes mode, pnω  is the optical 

saturable 
absorber 

output 
coupler 

mirror 

   gain medium 
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frequency of pump mode n and snω  is the optical frequency of Stokes mode n , 

1 ( 1)pn p nω ω= + − Ω  and 1 ( 1)sn s nω ω= + − Ω  and Ω  is the repetition rate of mode-locked 

laser or spacing between adjacent fields (in our case GHzΩ∼  ). In this section, for the 

first time to our knowledge, we develop the far-off resonance mode-locked Raman laser 

theory based on the semiclassical CW Raman laser theory.   

 

 

Figure 3-5 Mode-locked laser interaction with hydrogen. 
 
 

For simplification and clarification, an example with two in-phase pump modes is 

used in the following mathematical derivation. This two-mode theory can then be 

extended to multi-mode mode-locked Raman theory. Since the system is far-off 
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resonance, the rotating wave approximation is not valid. The complex intra-cavity pump 

and Stokes field amplitudes can be written as:  

 1 21
1 22 [ ( ) ( ) ] .p pi t i t

p p pE E t e E t e c cω ω− −= + +�  (3.4) 

  1 21
1 22 [ ( ) ( ) ] .s si t i t

s s sE E t e E t e c cω ω− −= + +�  (3.5)  

 
where pnE  and snE  are the amplitudes of the individual pump and Stokes fields  and total 

electric field p sE E E= +� � � . 

The equations describing Raman laser action are a simple generalization of the 

semi-classical equations of Sargent, Scully and Lamb to a three-level system [10,11]. 

Based on the Eqs. (2.43)-(2.47) in chapter 2,  the result for the general detuned case is the 

following set of coupled ordinary differential equations: [10-13]:        

 1

(1)0

*
1 1 1 21 21 ( , )p

inp p p pE L E i N K E tω
ε μ σ= − + +�  (3.6) 

 2

( 2)0

*
2 2 2 21 21 ( , )p

in

i t
p p p pE L E i N e K E tω

ε μ σ Ω= − + +�  (3.7) 

 1

0

*
1 1 1 23 23

s
s s sE L E i Nω

ε μ σ= − +�  (3.8) 

 2

0

*
2 2 2 23 23

s i t
s s sE L E i N eω

ε μ σ Ω= − +�  (3.9) 

 
21 21 1 21 21 21 11 22

( )
23 31

[ ( ) ] ( )p

p p s

i t
p

i t i t

ii e E

ie e E

ω

ω ω ω

σ ω ω γ σ μ ρ ρ

μ σ − −

= − − − + −

+

��
=

�
=

 (3.10) 

 
23 23 1 23 23 23 33 22

( )*
21 31

[ ( ) ] ( )s

p ss

i t
s

i ti t

ii e E

ie e E

ω

ω ωω

σ ω ω γ σ μ ρ ρ

μ σ −

= − − − + −

+

��
=

�
=

 (3.11) 



 
 
 

38
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 (3.12) 

where pnL  and snL are the cavity loss constants for pump and Stokes fields; ijμ  is 

the dipole moment matrix element between level i and level j; ( )pin nE  is the input pump 

field where ( )( , )pin nk t E accounts for the pump beam’s “leakage” into the cavity; the iiρ  

are the diagonal density-matrix elements representing the population of level i ; ijσ  is the 

slowly varying part of the off-diagonal density-matrix element ijρ  representing molecular 

coherences( ( )21 21 1exp pi tσ ρ ω= , ( )23 23 1exp si tσ ρ ω=  and 1 1( )
31 31( ) ( ) p si tt t e ω ωρ σ − −= ); ijω  is 

the frequency difference between level i and j; ijγ  is the dephasing rate between level i 

and level j.  

There are several approximations we can use to simplify these differential 

equations. First, the virtual level is far below the first electronic level 2 as shown in figure 

2-2, so the Raman laser is far off the electronic resonance. As such, the coherences 

associated with level 2 will not be affected by the laser interaction, 21 23 0σ σ= =� � . 22 0ρ =  

because the population of level 2 is not affected either. Another approximation we can 

make is that the ground-state is not depleted, as is typically the case for CW Raman lasers 

in H2 [13, 14]. Thus, 11 22 1ρ ρ− = and 22 33 0ρ ρ− = . We also set 1 1( )
31 31

p si te ω ωρ σ − −= , where 

31σ  varies much slower than the frequency difference 1 1p sω ω− . With all these 
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approximations, we can write 21σ  and 23σ in terms of 31σ  by setting the left side of Eq. 

(3.10) and (3.11) to be zero and then insert them into Eq. (3.12)to get a equation for 31σ : 

 1 1

*
( )2 23 21

31 31 1 1 31 31 2{ [ ( )] } ( ) p si t
p si i E e ω ω μ μσ ω ω ω γ σ

δ
−= − − − − + ��

=
 (3.13) 

The general solution to Eq.(3.13) shows that the significant terms are as those with 

variations slower than or comparable to 31γ  [Appendix C]. Therefore, in using Eq. (3.4) 

and (3.5), we will safely drop all the terms from 2( )E�  that oscillate at pnω , snω or 

pn snω ω−  because even at high pressures,  31γ  will never be comparable to an optical 

frequency. We can then simplify Eq. (3.13) to: 

 * * * *
31 31 31 31 1 1 2 2 1 2 2 1( ) ( + + + )i t i t

s p s p s p s pi ig E E E E E E e E E eσ γ σ − Ω Ω= Δ − +�  (3.14) 

where 31( )pn snω ω ωΔ = − − and 
*
23 21

31 22
g μ μ

δ
≡

=
. For simplicity, in the remaining discussion 

and simulations we set 0Δ ≈  or 31 pn snω ω ω≈ − , assuming that the two-photon Raman 

detuning is zero.   

At long times (
31

1t γ� ), the pump and Stokes fields will approach steady-state, 

while the coherence 31σ  continues to oscillate. The solution for the coherence equation at 

31

1t γ�   (or 31 0te γ− → ) is simple to obtain from the general solution to a first order linear 

differential equation: 

 * * * *
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− Ω Ω
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− Ω + Ω

 (3.15) 
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Recall that 31σ is the slowly varying portion of the total coherence which oscillates 

near 31ω : 

1 1 31

) )31 31 31

( )
31 31 31

( (
* * * *

31 1 1 2 2 1 2 2 1
31 31 31

[( )( ) ( )( ) ( )( )]

p si t i t
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e e

e e eig E E E E E E E E
i i

ω ω ω

ω ω ω

ρ σ σ

γ γ γ

− − −

− − +Ω − −Ω

= =

= + + +
− Ω + Ω

(3.16) 

The first term on the right-hand side of Eq. (3.16) oscillates at 31ω and is completely 

resonant with the two photon transition. The second and third terms on the right-hand 

side oscillate at 31ω ±Ω and are off-resonance with the two photon transition by an 

amount equal to±Ω . These terms are less strong than the on-resonance term because they 

fall in the wings of the Lorentzian profile of the Raman gain 31
2 2
31

γ
γ +Ω

 where 31γ  is the half 

width half maximum (HWHM) of the Raman gain, and also have a dispersion term 

proportional to 2 2
31

i
γ
± Ω
+Ω

 that affects the phase associated with them.  

As we mentioned earlier, due to being far-off resonance and the ground-state non-

depletion, 21 23 0σ σ= =� � , 22 0ρ = , 11 22 1ρ ρ− = and 22 33 0ρ ρ− = . With these conditions, 

set the left side of Eq. (3.10) and (3.11) to be zero and 21ρ  and 23ρ  can be expressed in 

terms of 31ρ , then plug these expressions into Eq. (3.6)-(3.9). Basically using the same 

type of approximations and simplifications used for 31σ , Eqs. (3.6)-(3.9) can be 

simplified to: 

 31
1 1 1 1 31 1 1 (1)( ) ( , )i t i t

p p p p p p pinE L E ig e E E e k t Eωρ − Ω= − − + +�  (3.17) 

 31
2 2 2 2 31 1 2 (2)( ) ( , )i t i t

p p p p p p pinE L E ig e E e E k t Eωρ Ω= − − + +�  (3.18) 



 
 
 

41

 ( )31
*

1 1 1 1 31 1 2( + )i t i t
s s s s p pE L E ig e E E eωρ − Ω= − −�  (3.19) 

 ( )31
*

2 2 2 2 31 1 2( + )i t i t
s s s s p pE L E ig e E e Eωρ Ω= − −�  (3.20) 

where all the fast optical frequency oscillation terms are dropped in the field equations 

because the optical frequency is much larger than ( )pn snL , which is about 105 when the 

reflectivity of both the mirrors is about 0.99988 ( ( ) ( )( / 2 ) ln( )pn sn pn snL c l R= −  [15, 16]). 

*
21 23

02
pn

pn

N
g

ω μ μ
ε δ

≡
=

 and
*
23 21

02
sn

sn
Ng ω μ μ
ε δ

≡
=

 are constants related to the Raman gain. 

Plugging the solution of 31ρ Eq. (3.16) into Eqs. (3.17)-(3.20), gives after 

dropping all the fast oscillation terms compared with ( )pn snL  including i te± Ω and 2i te± Ω : 

 
* * *

1 1 1 2 2 2 1 2

131 31

( ) ( )
1 1 1 1 31[ ] ( , )s p s p s s p s

in

E E E E E E E E
p p p p piE L E g g K E tγ γ

+
+ Ω= − − + +�  (3.21) 

 
* * *

2 1 1 2 2 1 2 1

231 31

( ) ( )
2 2 2 2 31[ ] ( , )s p s p s s p s

in

E E E E E E E E
p p p p piE L E g g K E tγ γ

+
− Ω= − − + +�  (3.22) 

 
* * *

1 1 1 2 2 2 2 1

31 31

( ) ( )
1 1 1 1 31[ ]p p s p s p p sE E E E E E E E

s s s s iE L E g g γ γ
+

+ Ω= − + +�  (3.23) 

 
* * *

2 1 1 2 2 1 1 2

31 31

( ) ( )
2 2 2 2 31[ ]p p s p s p p sE E E E E E E E

s s s s iE L E g g γ γ
+

− Ω= − + +�  (3.24) 

From these equations, it can be seen there are two ways to generate the desired Stokes 

mode. For generating Stokes mode 1, the first term in the square brackets on the right-

hand side of Eq. (3.23) represents the interaction between pump mode 1 and the on-

resonance piece of the coherence, in which *
1 1 1( )p p sE E E  is the regular Raman process and 

*
1 2 2( )p p sE E E  is a four-wave-mixing process (phase mismatch can be ignored [Appendix 
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D]). The second term in the square brackets results from the interaction between pump 

mode 2 and the off-resonance piece of the coherence.  

Now we can easily extend the two-mode case to the general mode-locked case,  

 1

31

*
1 ( )

31 31
1

Mi t
M s p

i
M

e E E
ig α

β
α α β

γ β
β

σ =

Ω
− −

+ Ω
=− +

∑
= ∑  (3.25) 

 
*

[ ( )]
1

( )3131 ( )
1

( , )

M

s p n

in n

E E EM s

pn pn pn pn pi nE L E g g K E t
α α ββ

α
γ β

β

− −
=

+ − Ω
=

∑
= − − +∑�  (3.26) 

 
* *
[ ( )]

1

31

( )

31 ( )
1

M

p s n pE E EM

sn sn sn sn i nE L E g g
β α β α
α
γ β

β

− −
=

+ − Ω
=

∑
= − + ∑�  (3.27) 

where M is the total number of pump modes and n labels the particular mode under 

consideration For this case, the coherence is composed of an on-resonance piece and 

many off-resonance pieces separated from the resonant piece by ±Ω , 2± Ω , 3± Ω" . As 

we mentioned before, both on-resonance and off-resonance coherences can interact with 

different pump modes to generate the desired Stokes mode.  

 
Mode-Locked Raman Laser Numerical Simulation 

In this section, we present calculations relevant to our current experimental work 

and all the numerical simulations are based on MATLAB programs [Appendix E]. In our 

experimental set-up, the pump laser wavelength is approximately 800 nm and the Stokes 

light is at about 1200 nm. The HFC mirrors have a reflectivity (transmissivity) 

of ( )pn snR =0.99988 ppm ( ( )pn snT =40 ppm) at both the pump and Stokes wavelengths, 

giving a cavity finesse of about 26,000 for both wavelengths. The cavity length is 
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l =17.78 cm, yielding a free spectral range (FSR) of 844 MHz. In order to simultaneously 

couple all the pump laser’s oscillating modes into the HFC, these modes must also be 

spaced by 844 MHz (or some integral multiple thereof). Therefore the repetition rate of 

the mode-locked laser is alsoΩ =844 MHz.  

Due to the difference in wavelength of the various modes, dispersion in the H2 

also needs to be considered. With 100 longitudinal modes spanning 84 GHz (or 0.18 nm 

at the ~800 nm pump wavelength in vacuum), the additional refractive shift in the cavity 

resonant frequencies  between the first and the hundredth mode is only about 0.6 kHz at 

10 atm.[17-19] For comparison, the linewidth of the HFC is about 28 kHz. Thus the 

dispersion due to H2 can be neglected in this case.   

The cavity loss coefficient is defined as ( ) ( )( / 2 ) ln( )pn sn pn snL c l R= − . Over the ~90 

GHz range of optical frequencies, pnL  and snL  (~105 Hz) can be considered the same for 

all the longitudinal modes. The optical-pumping constant ( )( ) ( )( , ) /pin n pn pin nK t E c l T E=  

and the Raman gain coefficient ( ) ( ) ( )1/ 2
31 0 01/ 8 / p

p s
G c λ

λ λγ α ε μ +=  [13-16, 20], where 

α =1.5×10-11 m/W at 800 nm is the plane-wave gain coefficient [20], ( )pin nE  is the input 

pump field amplitude and c  is the speed of light in vacuum. Also, we 

define
131

pn

spng g Gω
ω= , 

131
sn

ssng g Gω
ω= . 

In this section, using all the numbers and coefficients mentioned earlier along 

with τ , the mode-locked pulse duration ( 1 M
τ
≈ Ω ), we compare Ω  with the dephasing 

rate 31γ  in three different regimes: low pressure ( 31γ Ω� ), high pressure ( 31 Mγ Ω� ) 



 
 
 

44

and medium pressure ( 31γ  does not satisfy either 31γ Ω�  or 31 Mγ Ω� ) to determine 

the Stokes threshold. The dephasing rate 31γ  is the half width half maximum (HWHM) of 

the Lorentzian distribution describing Raman gain [21]. The different possible 

relationships between 31γ  and Ω  are illustrated in figure 3-6. 

 

Figure 3-6. Three different regimes in the relation between 31γ  andΩ . (a)Low pressure 
( 31γ Ω� ), (b) High pressure ( 31 Mγ Ω� ) and (c) Medium pressure, two cases: 31γ Ω∼  
and 31 Mγ Ω∼ . 
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Low pressure ( 31γ Ω� ) 

Mathematically when 31
1Mγ
τ

Ω < Ω ≈� , the coherence equation only has the 

term with 31γ  as the denominator left and all the other terms with 31 iγ β+ Ω  as the 

denominator is much smaller due to the comparatively large Ω  in the denominator. 

Because of the same reason, in Eqs. (3.26)-(3.27), only the terms with nβ =  needs to be 

kept. So the coherence and field equations can be simplified to: 

 
*

31 31 311

M s pE E
ig α α

γ
α

σ
=

= ∑  (3.28) 

 
*

( )3131
1

( , )s p

in n

M
E E

pn pn pn pn sn pE L E g g E K E tα α

γ
α=

= − − +∑�  (3.29) 

 
* *

31

( )
31

1

s p
M

E E
sn sn sn sn pnE L E g g E α α

γ
α =

= − + ∑�  (3.30) 

Physically when 31γ Ω� , all the off-resonance pieces of the coherence are small 

compared with the on-resonance piece, as shown in Figure 3-6(a).  In other words, the 

mode-locked temporal pulse width is much shorter than the coherence dephasing 

time,
31

1
γτ � , and the coherence growth is not fast enough to follow the short pulses. 

Thus only the average power determines the growth of the coherence and Stokes modes, 

and the mode-locked case will have the same gain and same threshold as the CW case [14, 

15]. Figure 3-7 shows a plot of the average intra-cavity Stokes intensity versus the 

average input pump intensity for one, two and three in-phase pump modes. For this plot, 

the following definition has been used for the average intensity  
22

( )
1

M

n
n

I E E
=

= =∑ , 
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where I is either the input pump or intra-cavity Stokes intensity ( pinI  or sI ) respectively, 

E is either the input pump or intra-cavity Stokes field ( pinE  or sE ) respectively, and the 

index n represents the nth mode of either field. In this regime, the three curves completely 

overlap, indicating that the threshold is independent of the number of modes and that the 

average output is proportional to the square root of the average input pump power [15,16]. 
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Figure 3-7. Intra-cavity Stokes Intensity versus outside input pump Intensity. In this 
simulation 31γ =10 MHz andΩ =844 MHz. The three curves are totally overlapped, which 
means in the region where 31γ << Ω , there is no gain enhancement for the mode-locked 
case.  

 
 

We also give plots of the intra-cavity fields’ amplitude and phase evolution with 

equal and unequal amplitudes of the three pump modes in figure 3-8 and figure 3-9. Once 

the system reaches steady-state, all the Stokes fields’ phases have evolved to be in-phase, 
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so that mode-locked Stokes is generated. With equal amplitude pump modes 

(
2 2 2 2

1 2 3
1
3pin pin pin pinE E E E= = = ), final Stokes phase is the vectorial summation of all 

the Stokes fields’ initial phases as shown in figure 3-8. If the initial pump modes are 

different in amplitude the Stokes field’s phase evolution will not be a simple vecotrial 

summation of all the Stokes field’s initial phase, but the steady-state average Stokes 

intensity will be the same as an equal amplitude case, as shown in figure 3-9. 
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Figure 3-8. Intra-cavity fields’ magnitude and phase evolution with three equal in-phase 
pump modes. Since the pump modes are in-phase, we 
set 1 2 3( ) ( ) ( ) 0p initial p initial p initialθ θ θ= = =  and they remain the same for all the time as seen 
in the figure. The initial Stokes phases are random, we 
set 1( ) 0.3757s initialθ π= , 2( ) 0.9813s initialθ π=  and 3( ) 0.8186s initialθ π= . Once the system 
reaches steady-state, the final phase of Stokes 0.746π  is the vectorial summation of all 
the Stokes initial phases, mode-locked Stokes formed. At steady-state, with 3000pinE = , 

the total average Stokes intensity is 2 2 2 9
1 2 3 5.78 10s s s sI E E E= + + = × . 
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Figure 3-9. Intra-cavity fields’ amplitude and phase evolution with three unequal in-phase 
pump modes. Since the three pump modes are not equal in magnitude, the final Stokes 
phase is not the vectorial summation of all the initial Stokes phases, but still evolve to the 
same phase.  At steady-state, with 3000pinE = , the total average Stokes intensity 

( 2 2 2 9
1 2 3 5.78 10s s s sI E E E= + + = × ) is same as  previous case. 

 
 

High pressure ( 31 Mγ Ω� ) 

Mathematically when 31 Mγ Ω� , we drop the iβΩ  term in the denominator. 

Thus, the coherence and field equations are simplified to: 

 1

31

*
1 ( )

31 31
1

Mi t
M s p
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e E E
ig α

β
α α β

γ
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Ω
− −

=− +
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* *
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1
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31
1

M

p s n pE E EM

sn sn sn snE L E g g
β α β α
α

γ
β

− −
=

=

∑
= − + ∑�  (3.33) 

Physically when 31 Mγ Ω� , from the Lorenztian distribution, all the off-

resonance pieces of the coherence will contribute about the same as the on-resonance 

piece as shown in Figure 3-6(b).  It also means that the mode-locked pulses are like CW 

light when compared with the even shorter coherence dephasing time. In other words the 

coherence growth is fast enough to follow the short pulses. Thus, the high peak power 

from the mode-locked laser will contribute to the Raman gain. Thus, in the regime of 

31 Mγ Ω� , the mode-locked case will have much smaller average threshold power than 

the CW case as shown in figure 3-10. But at high input pump power, the CW case has 

more average Stokes output than mode-locked case, for the following reason. Consider 

two possible pumping scenarios that have the same average power. The first is a constant 

input pump with intensity of 1, which produces constant Stokes of intensity of 1. The 

second is an input pump intensity that is four times bigger but is only on for one-fourth of 

the time, giving an average input power of 1 as well. However, because for the time it is 

on, it is four times bigger and because the Stokes average output intensity is proportional 

to the square root of average input pump intensity, it produces only twice the Stokes 

power, which when averaged over the time span is 2/4=0.5, less than CW case.   

With two equal intensity pump modes, the pulse peak intensity is twice bigger 

than the average pump intensity for CW case, which should lead to a threshold value that 

is twice as small. However the ratio between two thresholds shown in figure 3-10 is 

smaller than 2, at about 1.33. This is because the mode-locked pulse temporal width is 
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much smaller than the cavity build up time (tens of sμ ). Therefore the pulses can not 

build up as high an intra-cavity power as the CW case. In other words, taking into the 

consideration of the cavity build up time, we expect the threshold for the two equal 

intensity mode case to not quite be two times smaller than the CW case. If these two 

modes have unequal intensity, for example, if the two modes’ intensities differ by a lot, 

then the threshold for this two mode case will almost have the same threshold plot as CW 

case. So in region ( 31 Mγ Ω� ), the gain enhancement gets maximized and threshold gets 

minimized only when the pump modes have same intensity. We also find these three 

curves cross each other, that is because when the input pump power reaches four times 

threshold, the conversion efficiency will decrease [22]. The three in-phase equal intensity 

mode case reaches the threshold first, so the efficiency will decrease first, crossing the 

other two curves, as shown in the figure 3-10. 

In figure 3-11 the time evolution of the pump and Stokes field amplitude and 

phases can be seen. The Stokes phases all evolve to the same steady-state value, 

indicative of mode-locked Stokes being generated. 
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Figure 3-10. Intra-cavity Stokes field magnitudes versus outside input pump field. In this 
simulation 31γ =100 GHz andΩ =844 MHz. It is obvious that more modes give a smaller 
threshold.  
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Figure 3-11. Intra-cavity fields’ amplitude and phase evolution with three in-phase pump 
modes. Since the pump modes are in-phase, we set 1 2 3( ) ( ) ( ) 0p initial p initial p initialθ θ θ= = = . 
The pump phases do not evolve from their initial values. In this example we set the initial 
random Stokes phases to 1( ) 0.8894s initialθ π= , 2( ) 0.7691s initialθ π= −  
and 3( ) 0.4161s initialθ π= − . The Stokes’ phases evolve from their initial value to a final 
value that is the vectorial summation of the initial Stokes phases because input pump 
fields have the same amplitude. At steady-state, with 3000pinE = , the total average 

intracavity Stokes intensity is ( 2 2 2 10
1 2 3 1.561 10s s s sI E E E= + + = × ).  

 
 

Medium pressure (from 31γ Ω∼  to 31 Mγ Ω∼ ) 

If 31γ  does not satisfy either 31γ Ω�  or 31 Mγ Ω� , then this is an intermediate 

pressure case. From figure 3-6(c.1) and (c.2), some of the off-resonance pieces of 

coherence will contribute while some of them are too small to contribute to the build-up 

of the coherence needed in generating Stokes. Thus, the gain is bigger than the low 

pressure case but smaller than the high pressure case, giving an average threshold that is 
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smaller than the low pressure case but bigger than the high pressure case as shown in 

figure 3-12. In this regime, the Stokes phases do not evolve to the same steady-state 

values and the pump phases evolve slightly away from their initial values, as shown in 

figure 3-13. This is due to the extra dispersion phase term 2 2
31 ( )

iβ
γ β

± Ω
+ Ω

 introduced from the 

off-resonance piece of the coherence, which degrades the pulse shape, peak power and 

Raman gain. 
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Figure 3-12. Intra-cavity Stokes field versus outside input pump field. In this simulation 
31γ =1 GHz andΩ =844 MHz. The gain enhancement in this plot is not as big as shown in 

figure 3-10.  
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Figure 3-13. Intra-cavity fields’ magnitude and phase evolution with three in-phase pump 
modes. Since pump modes are in-phase, we set 1 2 3( ) ( ) ( ) 0p initial p initial p initialθ θ θ= = =  and 
they evolve slightly away from their initial values. Here we set the initial random Stokes 
phases 1( ) 0.03s initialθ π= , 2( ) 0.506s initialθ π= −  and 3( ) 0.8902s initialθ π= . When the system 
reaches steady-state, the Stokes fields are not quite in-phase due to the extra phase terms 
introduced from the off-resonance pieces of the coherence.  
 
 

 Conclusion of the Simulations 

From these numerical calculations, we can tell the Raman gain or threshold for 

the far-off resonance mode-locked Raman laser in H2 with HFC enhancement is 

dependent on the relations between 31γ  and Ω . In the low-pressure regime ( 31γ Ω� ), 

only the on-resonance pieces of coherence contribute to coherence build-up and mode-

locked Stokes generation, and the mode-locked pumping will have the same threshold 

value as CW pumping. When pumping with the average power above threshold, even if 
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the individual modes from the mode-locked pump source are below threshold; the 

corresponding Stokes modes can still emit Stokes due to the four-wave-mixing-process.  

In the high-pressure regime ( 31 Mγ Ω� ), all the on-resonance and off-resonance 

pieces of coherence contribute about the same to Raman process, providing large gain 

enhancement to generate mode-locked Stokes and thus significantly lowering the 

threshold compared with CW pumping.  

In the medium-pressure regime, where 31γ  does not satisfy either 31γ Ω�  or 

31 Mγ Ω�  (i.e. 31γ  can vary from Ω∼  to MΩ∼ ), besides the on-resonance pieces of 

the coherence, part of the off-resonance pieces also help to build up the coherence and 

generate Stokes light, which leads to enhanced gain compared with the low-pressure 

mode-locked case or CW pumping. Further, for 31γ  varying from Ω∼  to MΩ∼ ,  some 

extra dispersion terms are introduced from these off-resonance pieces of the coherence, 

degrading the pulse shape, peak power and Raman gain. Stokes output in this case is 

“near mode-locked”. 
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CHAPTER 4 

RAMAN LASER EXPERIMENTS 

Mode-Locked External Cavity Diode Laser 

Introduction to a Diode Laser (Semiconductor Laser) 

Figure 4-1 is a simplified diagram of a semiconductor laser. Lasing occurs in the 

gain region. When a bias current is applied to the structure, holes from the p-region will 

be injected into the n-region and electrons from the n-region will be injected into the p-

region. When holes and electrons are in the same region, crossing the p-n junction, they 

may recombine by spontaneous emission, emitting a photon with energy equal to the 

energy difference between the electron and hole states. Spontaneous emission is 

necessary to initiate laser oscillation, but it is inefficient because the emitted light goes in 

all directions. Then optical feedback is introduced by using an optical resonator, which is 

formed by two parallel facets that result from cleaving the substate along crystal planes. 

With the spontaneous emission, sufficient gain medium and optical feedback, lasing will 

occur.    
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Figure 4-1. Schematic diagram of a smiconductor laser diode. 
 
 

Introduction to an External Cavity Diode Laser (ECDL)  

By changing the diode’s temperature or injection current, we can coarsely tune 

laser diode’s frequency over ～nm. While if we want to fine tune or continuously tune 

the laser diode, some tuning element, and most often, a diffraction grating is used for this 

purpose. Here we introduce an idea of external cavity diode laser (ECDL).  

ECDLs are widely used in many optical experiments because of the advantage of 

low cost, precise tunability and narrow linedwith. Frequency selective feedback is 

typically achieved via a diffraction grating in either the Littman-Metcalf [1, 2] (Figure 4-

2) or the Littrow [3-5] configuration (Figure 4-3).  

In the Littman-Metcalf configuration, first order diffracted light from the grating 

hits a tuning mirror. Only light that hits the mirror at normal incidence is coupled back to 

the grating and into the diode. This provides frequency selection. The laser output is the 

zeroth-order reflection from the grating. In the Littrow configuration, no mirror is needed. 

Light of some particular wavelength is diffracted in the first order from grating and fed 

back directly into the diode later. Again, zeroth-order reflected light is the output beam. 
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General speaking, the Littman configuration is more complicated than the Littrow due to 

the extra turning mirror, while it normally has less linewidth than the Littrow and also has 

a fixed output direction [1-5]. 

 

               

Figure 4-2. Littman-Metcalf configuration.  
 
 
 

          

Figure 4-3. Littrow configuration.  
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Characteristic of Mode-Locked External Cavity Diode Laser 

In our ECDL setup, for simplicity, we choose to use Littrow configuration and we 

also add a turning mirror, which is mounted on a same base as grating, for fixed output 

direction [3]. Figure 4-4 shows the ML-ECDL setup. The ML-ECDL is in the Littrow 

configuration, with an 820 nm semiconductor laser at one end and a grating and a turning 

mirror at the other end. The typical reflectivity of a diode laser‘s back facet is 95%, and 

the grating provides approximately 40% feedback to the laser diode, which makes the 

finesse of this external laser cavity as low as 5. The reflectivity of the diode’s front facet 

is not given from the manufacture data, but we think it is small (<5%) because the 

wavelength selectivity is determined by the grating feedback and not by the diode facet 

modes.  So we can neglect the cavity inside diode laser. The grating has 600 grooves/mm 

and the center wavelength of the ECDL can be tuned 25 nm by tilting the grating.  

             

Figure 4-4. ML-ECDL setup. The drive current to the laser diode is the summation of DC 
current with RF modulation current from a synthesizer.  
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Mode-locking is achieved by modulating the laser threshold DC current with a 21 

dBm RF signal at 840.667 MHz, which is near the free spectral range associated with the 

17.78 cm long cavity. To operate the mode locked laser, the modulation frequency does 

not have to exactly equal the free spectral range (FSR) or fundamental harmonic of the 

laser external cavity because the laser cavity’s finesse is low and the mode-locked laser 

repetition rate is determined by the modulation frequency instead of the FSR of lasers’ 

external cavity. This flexibility in the modulation frequency is extremely important when 

we proceed to couple this laser into the HFC.  

Figure 4-5 shows the optical spectrum of the continuous wave external cavity 

diode laser (CW-ECDL) (modulation off) and ML-ECDL (modulation on). The spectral 

width of ML-ECDL is, as expected, broader than the CW-ECDL. Its full width half 

maximum (FWHM) is 0.16 nm, which is determined by the depth of the modulation and 

the number of grooves illuminated on the grating. This width indicates that the ML-

ECDL is supporting about 72 longitudinal modes, since the longitudinal modes are 

separated by 0.00224 nm (～ 840 MHz). 
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Figure 4-5. Optical spectrum of CW-ECDL and ML-ECDL. The spectrum width of ML-
ECDL is wider than CW-ECDL due to more longitudinal modes contributing to the laser 
output. 
 
 

We have also measured the temporal pulse width of the mode locked pulse using 

an autocorrelator, as shown in figure 4-6. The autocorrelator is based on a Michelson 

interferometer with one arm fixed and the other scanned. Once the two pulses from the 

two paths overlap perfectly, they generate the highest power of the second harmonic in 

the KTP crystal. In figure 4-7, the horizontal axis shows the conversion of scanning 

distance to delay time taking into the consideration of the double passing of the arms of 

the autocorrelator and also the coefficient 2  due to autocorrelation of a Gaussian pulse 

with itself. Thus the temporal pulse width of the mode locked pulses is 63 ps. 
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Figure 4-6. Intensity autocorrelator setup (M1---mirror 1, M2---scanning mirror 2, BS---
beam splitter, L---lens, KTP---nonlinear optical crystal, PMT—photo multiplier tube). 
This was used to measure the mode locked pulse width. 
 
 

 

Figure 4-7. Pulse temporal width. 
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Frequency Locking the Mode-Locked Laser to the High Finesse Cavity  

In order to adequately couple all of the laser’s longitudinal modes into the HFC, 

three steps are taken [6]. First the ML-ECDL noise level must be minimized as shown 

below. Next the RF frequency driving the mode locked laser must be close to the FSR of 

the HFC. Finally, the laser cavity’s length must be finely tuned to match the HFC length 

to optimize the whole system. 

The noise of the ML-ECDL plays a big role in our ability to couple all the 

longitudinal modes into the HFC. To see this noise, a New Focus 1554 12 GHz 

photoreceiver is placed after the laser external cavity and a Tektronix 2794 RF spectrum 

analyzer is used to monitor the noise. First the translation stage under the grating is 

coarsely tuned to closely match the FSR of external cavity to the RF modulation. It does 

not have to be a perfect match because, as stated earlier, the laser external cavity has low 

finesse; i.e. the modulation frequency determines the repetition rate of pulses, not the 

ECDL length. Then the piezoelectric transducer (PZT) which is placed after the grating is 

adjusted. It is used to finely tune the grating alignment and also slightly tune the laser 

center frequency and the length of external cavity. Figure 4-8(a) and 4-8(b) show the 

noise spectrum of this mode-locked laser at different PZT tuning voltages on the grating. 

The resolution bandwidth of the spectrum analyzer was set to 3MHz with a full range of 

about 1.7 GHz for these measurements. Figure 4-8 (a) shows the noise spectrum when the 

FSR of the ECDL and the repetition rate of the mode-locked laser are mismatched and 

the grating alignment is non-perfect. Before coupling this mode-locked laser into the 
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HFC, the noise spectrum needs to be similar to 4-8(b); otherwise, not all the longitudinal 

modes can be coupled into the HFC simultaneously.  

 

Figure 4-8. It shows the intermediate and final result of frequency locking on noise level 
and transmission mode when the HFC is being scanned. (a) and (b) show the noise 
spectrum of ML-ECDL at different PZT voltages. (1) DC. (2) 840.843MHz component. 
(3) Second harmonic component. The noise level of the laser needs to be as shown in (b) 
to achieve good coupling to the HFC. Figure 4-8(c) shows the scanning transmission of 
the HFC when the FSR and RF do not match. Figure 4-8(d) shows the scanning 
transmission when the FSR and RF match.  
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Next one needs to match the RF modulation frequency as close as possible to the 

FSR of the HFC. This process is monitored by maximizing the height of the transmission 

peak while the cavity is being scanned at 10 Hz. By dividing the HFC FSR (~840 MHz) 

by its finesse (~10,000), we determined the HFC linewidth to be ~84 KHz. Since the 

linewidth divided by the number of longitudinal modes is ~ kHz, the RF synthesizer that 

modulates the laser current needs to have kHz resolution, consistent with our 

experimental observations. 

To further increase the peak height of the cavity transmission, one can finely tune 

the ECDL length as well. The sidebands in both Figure 4-8(c) and Figure 4-8(d) are due 

to modulation by an electro-optic modulator (EOM). Figure 4-8(d) shows the 

transmission when everything is optimized. Figure 4-8(c) shows the transmission at an 

intermediate step in this process. When the system is optimized, all the laser longitudinal 

modes are transmitted from the HFC simultaneously, giving one sharp peak. When it is 

not optimized, the modes transmit at slightly different times, broadening the peaks and 

dropping the peak power as seen in Figure 4-8(c). During the entire process, the noise 

influence can guide us in the optimization of the system’s alignment. 

The HFC is frequency locked to the ML-ECDL by the Pound-Drever-Hall [7, 8] 

technique for which the electronic locking servo system has a bandwidth of roughly 

1MHz. Thus, any laser fluctuation faster than ~MHz will not be able to get corrected. The 

error signal obtained at the mixer output when the HFC length is scanned with PZT and 

the servo loop is open looks exactly the same as the error signal due to single mode laser. 

[9] However, in the ML-ECDL case, the curve represents the summation of all the error 
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signals from the different longitudinal modes. Since the modes are separated by the FSR 

of the HFC, this error signal is virtually indistinguishable from the one due to the CW-

ECDL. Figure 4-9(a) shows the Pound-Drever-Hall error signal obtained at the mixer 

output when the HFC length is scanned and the servo loop is open. The original voltage 

versus time trace obtained from the oscilloscope was converted to arbitrary voltage 

versus frequency offset. The curve represents the summation of all the error signals from 

the different longitudinal modes. Figure 4-9(b) shows the broadening of the transmission 

peak of the HFC when feedback is being applied by the fast servo to the laser current 

while the HFC is still being scanned. Comparison with figure 4-8(d) shows that the center 

transmission is not a sharp peak anymore because the fast servo causes the peak to 

broaden as it tries to keep all the laser longitudinal modes on resonance with the HFC. 
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Figure 4-9. (a) Error signal obtained at the mixer output when the HFC was scanning. (b) 
transmission mode broadening with error signal feeding back to fast servo. The trace in 
(b) indicates that the fast servo is trying to lock the laser to the HFC as the cavity is 
scanned. 

 
 

Figure 4-10 shows the transmitted power when the system is locked and not 

locked. Since this is a HFC, the linewidth is ~84 kHz, while the lindwidth of the ML-

ECDL is ~56 GHz. When the system is not locked, almost no light can get through the 

high finesse cavity. When the system is locked, with 400 μW average input power before 

the HFC, or roughly 260 μW coupled power by considering the window loss and non-
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perfect mode matching in the HFC, about 22 μW is transmitted and the whole system can 

stay frequency locked for hours. No temperature control servo is used for the HFC and 

the system can remain locked in the lab environment with room temperature fluctuations 

of ±2oC. The vibration isolation was considered in the design of the HFC. The HFC is 

composed of two nested cylinders. The outer cylinder is sealed from the lab environment. 

The inner cylinder contains the high-finesse mirrors and is vibrationally and thermally 

isolated from the outer cylinder by means of some rubber padding. The system can 

maintain lock when the optical table is lightly tapped.  

Figure 4-11 shows the optical spectrum of the ML-ECDL before and after the 

HFC. The spectra are similar, showing that, after optimization of the laser to the HFC, 

most of the laser’s longitudinal modes are simultaneously transmitted by the HFC when 

the system is locked. 

 

Figure 4-10. Transmission power of the mode locked diode laser when it is locked to the 
HFC.  
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Figure 4-11. Optical spectrum of original ML-ECDL and frequency locked ML taken 
using the optical spectrum analyzer. The similarity of the spectra indicates that many 
longitudinal modes are being transmitted by the HFC as would be expected with good 
stabilization to the cavity. 

 
 

Tapered Amplifier Diode Laser 

The typical CW-ECDL output power is 5-20 mW. After beam-shaping, Faraday 

isolation and fiber coupling, only 3-10 mW remain. Similarly, the typical average output 

power of a ML-ECDL is only 1-2 mW [10]. However for the ML Raman experiments, 

we would like to have pump power on the order of tens of mW. A tapered amplifier (TA) 

diode can make the optical power much higher while maintaining all the optical 

properties of the seeding ECDL.  

In the past, most optical amplifiers were either extremely expensive or difficult to 

make reliable. Recently lower cost tapered amplifier diodes have become commercially 

available, making diode optical amplifiers more practical. With improvements in anti-
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reflection (AR) coating technology, laser action of the tapered amplifier itself can be 

avoided by coating both the front and back facets, giving the laser system the best 

possible performance. Here we investigate a TA diode system that can amplify either a 

CW-ECDL or a ML-ECDL. The TA diode is manufactured by a German company called 

Eagleyard Photonics. The gain region of the TA diode as shown in Figure 4-12 is 2.75 

mm long with 3 µm and 190 µm input and output 1D apertures respectively. As for the 

height of the gain region, the manufacture does not provide any number, but we think it is 

about 2.4 µm using single slit diffraction limit.  According to the manufacturer’s 

datasheet, the maximum output power is about 500 mW within a wavelength range from 

790 to 810 nm. Figure 4-13 shows the amplified spontaneous emission (ASE) spectrum 

of the TA diode without any seeding light. Due to the nice AR coating on both facets, the 

spectrum can cover more than 20 nm.  

This section is organized as follows: we first give detail on the TA diode system 

design and alignment; next we discuss the experimental setup and then describe the 

measured performance of this TA diode system. We finish with some conclusions about 

such systems.  



 
 
 

73

 

Figure 4-12. Tapered amplifier’s gain region structure. 
 

 

Figure 4-13. Amplified spontaneous emission spectrum of the TA diode without seeding.  
Due to the nice AR coating, the TA diode can operate from 790-810 nm.] 
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Tapered Amplifier Diode System Design and Alignment 

We designed a simple, stable and compact TA diode system (Figure 4-14 and 4-

15) which consists of a TA diode, two aspheric collimation lenses (f = 4.5 mm, 0.55 NA, 

Thorlabs C230TM-B) threaded into home-made tubes inserted into a modified fiber 

holder (Newport F-91-C1-T), a plano-convex cylindrical lens (f = 50 mm) and a 4×3×2.2 

inch aluminum heat sink. The details about the mechanical design are in Appendix F. The 

C-Mount TA diode has an anti-reflection coating on both ends and a 2.75 mm long 

tapered gain region, which allows for a weak signal to be injected into the narrow end 

and the amplified light to come out from the broad end after traveling through the gain 

region. It is necessary to have a compact and stable mount for the TA diode and the 

collimators because the input aperture of the TA diode is only 3µm. The C-Mount TA 

diode is screwed onto a home-made brass diode holder. The modified commercially 

available fiber holders with collimation lenses in them are attached on both sides of the 

diode holder. These fiber holders allow adjustments in three dimensions, ensuring good 

coupling of the input light and collimation of the output light. In earlier work [11], the z 

direction of the output collimator was not accessible from the outside. However in our 

design, all these adjustments are accessible from the outside of the housing surrounding 

the TA diode mount. 
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Figure 4-14. Top view of the TA diode system. The heat sink and TEC are for cooling the 
TA diode; Newport F-91-C1-T and Cylindrical lens are for collimation adjustment; the 
SMA connector is for strain release.  
 
 

 

Figure 4-15. Side and front view of the TA diode system. In the lower right photo, the 
cases are removed to show the inside diode mounting region. 
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Temperature variations can cause the output power of the TA to fluctuate. To 

thermally control this system, we attached the brass diode holder mount to an aluminum 

heat sink with a 2×2 inch thermoelectric cooler in between. In addition, the aluminum 

housing that surrounds the TA is designed to minimize the amount of air around the TA 

to help reduce any thermal variations that air movement could cause. Water cooling was 

not needed or used in our design. 

The soldered connection of the diode cathode tab on the C-Mount is very fragile 

and needs to be attached quickly in order to prevent damage to the TA diode by 

overheating. Therefore, in addition to screwing the TA diode onto the home-made brass 

diode holder, we also soldered the cathode tab to a wire from a SMA connector attached 

to the front case of TA diode system in order to serve as a strain release. This helps to 

prevent accidental damage to this fragile connection. 

Good alignment plays a big role on the amplification performance. In this system, 

we first turn on the TA without injecting any seeding light; because of the AR coatings, 

the ASE power is only from 0.8 to 3 mW depending on the TA drive current. On the 

input side, the three dimensional adjustments of the input lens allow the emitted ASE to 

be collimated. The ASE beam profile on the input side is roughly circular and can 

therefore be fiber coupled with about 45-55% efficiency into a single mode fiber, where 

the seeding light comes through. This high efficiency ensures good portion of the seeding 

light coupling into TA diode. 

In the output side, the manufacture datasheet lists the perpendicular divergent 

external half angle as 14o and the parallel divergent external half angle as 5o. In order to 
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collimate such a beam, a spherical and a cylindrical lens are needed. Figure 4-16 shows 

the side and top view of the geometrical trace of collimating the TA output beam with 

these two lenses. A 4.5 mm spherical lens was used to collimate the perpendicular 

divergent beam. Using geometric optics, we calculated a perpendicular collimated beam 

size of 2.242 mm and the location where the parallel beam focuses. Knowing these two 

numbers, we determined that a 54 mm focal length cylindrical lens would be needed to 

collimate the parallel divergent beam to the same size as the collimated perpendicular 

beam [Appendix G].   

 

Figure 4-16. Side and top view of the geometrical trace of collimating the TA output 
beam with a spherical and a cylindrical lens. (SL---spherical lens, TA—tapered amplifier,  
CL---cylindrical lens) 

 
 

We used the closest commercially available cylindrical lens which has a 50 mm 

focal length. In this way, the beam shape will be close to circular before going through 

the Faraday isolator and being fiber coupled. Figure 4-17 gives details about the beam 

shape after the TA diode and both lenses. The parallel and perpendicular beam widths 
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were measured with BeamView software to be 2.51 mm and 2.153 mm respectively, very 

close to the 2.242 mm calculated earlier. The ratio of parallel to perpendicular is about 

5:4.3; not a perfectly circular beam, but close enough to give 45-55% fiber coupling 

efficiency into a single mode fiber. Improvements to the circularity of the beam may be 

possible by changing the focal length of the cylindrical lens. The whole alignment 

process is quite simple because of the easy access to the three-dimensional adjustments 

on both collimation lenses.  

 

Figure 4-17. Beam shape after the TA. The beam viewer software shows the parallel and 
perpendicular widths are 2.51 mm and 2.153 mm. The beam shape is not perfectly 
circular, but good enough to give 45-55% coupling efficiency to a single mode fiber. 

 
 

Experimental Setup 

The experimental setup is shown in figure 4-18. Both DC and AC current supplies 

are connected to the ECDL via a bias tee. A 5 dBm AC Sine wave modulation at 840 
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MHz is produced by a signal generator (HP 8648A) and is amplified to 23 dBm (Mini-

Circuits ZQL-900LNW) before being combined with the DC current and applied to the 

ECDL. With only the DC current on, it behaves as a CW-ECDL; while with the 

sinusoidal AC current at 840 MHz in addition to the DC current, it acts as a ML-ECDL. 

Output light from the CW-ECDL (or ML-ECDL) goes through a Faraday isolator, half 

wave plate, polarizing beam splitter and then is coupled into a single mode fiber with a 

collimation lens, the output of which is the seeding power for the TA diode system. An 

ILX Lightwave LDC-3744B diode current controller is used as the current source for the 

TA diode. This instrument provides a maximum DC current of 4 A. The amplified light 

after another Faraday isolator is considered as the output power from TA diode system.   

 

 

Figure 4-18. Experimental setup. G: Grating; LD: Laser Diode; M: Mirror; FI: Faraday 
Isolator; HWP: Half Wave Plate; PBS: Polaring Beam Splitter, SMF: Single Mode Fiber; 
IC: Input Collimator; OC: Output Collimator; CL: Cylindrical Lens; OSA: Optical 
Spectrum Analyzer. 
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Characteristics of the Tapered Amplifier Diode System 

With CW-ECDL seeding, figure 4-19 shows plots of the TA output power as a 

function of drive current for two different temperatures, 18oC and 22oC. Since both the 

TA diode and the collimation lens are mounted to the same piece, they will tend to have 

the same thermal expansion rate. Thus we expect that even with a 4oC change in 

temperature, only a small misalignment will occur. However we did readjust the fiber 

coupler for the seeding power after every temperature adjustment to maximize the 

coupling efficiency of the seeding power into the TA diode and found very little 

correction was needed. Both plots show that for a higher TA drive current, higher 

amplification is achieved. By comparing the amplification for the same TA drive current 

at different temperatures, it can be seen that by lowering the temperature from 22oC to 

18oC, the amplification increases by roughly 10-20%. With 5 mW seeding power at 18oC, 

240 mW is achieved after TA and 115 mW (48%) can be coupled into a single mode 

fiber.  
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Figure 4-19.  Temperature and current dependence of TA amplification by seeding with 
the CW-ECDL. Both plots show the amplification when the TA is operated at seven 
different currents. (a) T=22oC, (b) T=18oC. Lower temperature and higher drive current 
give higher amplification. 

 
 

Figure 4-20 shows the TA output power versus drive current at 18oC after seeding 

with the ML-ECDL. With 0.75 mW average seeding power, 80 mW average power can 

be achieved by driving the TA at 1.75 Amps and 18oC, 39 mW (49%) of which can be 

coupled into a single mode fiber [10, 12]. A typical interferometric autocorrelation 
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trace[13] is shown in figure 4-21, which displays a pulse with a full width at half 

maximum (FWHM) measurement of 12 ps in duration. Deconvolving this measurement 

with a Gaussian pulse shape yields a temporal pulse width of 9 ps. With a repetition rate 

of 840 MHz (or 1.19 ns), the 80 mW average mode-locked power corresponds to a peak 

power of about 11 W. The 15µm actuator step size of our autocorrelator is not fine 

enough to resolve the details of the electric field modulation under the fitting curve, but 

still shows the field modulation properties. This autocorrelation trace looks different than 

the figure 4-7 due to different optical alignment. In order to get interferometric trace, a 

collinear alignment is required, which means that two different paths of the beam have to 

totally overlap. According to my personal experience, this is not easy to achieve and most 

case, an intensity autocorrelation trace like figure 4-7 is achieved. 

 

 

Figure 4-20. Amplification performance by seeding with ML-ECDL at different TA 
currents. 
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Figure 4-21. Interferometric autocorrelation trace of the amplified pulses. Autocorrelation 
of the ML laser pulse shows a FWHM of 12 ps. This corresponds to pulse duration of 
approximately 9 ps by taking the deconvolution between pulse shapes. Since the stepping 
of the autocorreltor is not fine enough, the structure underneath the fitting curve does not 
represent the details of the electric field modulation, but still shows the field modulation 
property.   

 
 

Figure 4-22 shows the optical spectrum of the seeding light and the light after 

amplification. In both the CW and ML cases, the amplified light keeps the same optical 

spectrum as the seeding light. Since the TA diode is AR coated at both ends, with a drive 

current from 1.15 A to 1.75 A, the ASE varies from 0.8 mW to 3mW and the optical 

spectrum is flat over about 20 nm. By comparing the ASE with the output power in figure 

4-18, we can tell that except when the seeding power is small, the ASE is negligible 

compared to the amplified light. After being amplified by the TA, the mode suppression 

is roughly 38 dB for CW seeding and 32 dB for ML seeding, which equal the mode 

suppression of the seeding CW-ECDL and the ML-ECDL. The spectral width of 
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amplified ML-ECDL is 0.16nm, roughly corresponding to 72 longitudinal modes, which 

also maintains the spectral width of the seeding ML-ECDL. The fraction of ASE 

background in the TA output is obtained by integrating the power spectral density on a 

linear scale in figure 4-22, yielding 1.65% for CW seeding and 2.92% for ML seeding at 

22oC. We can see obvious improvement of our system when compared to the results of 

previous experiments [11], which achieved, with CW seeding, 5.6% at 16oC and 1.4% at 

5oC. The improvement in our case is probably due to a better AR coating on our TA 

diode. In general, thermal instabilities make the output power fluctuate; however with the 

considerations mentioned earlier, the output power after this TA diode system is very 

stable once the system reaches thermal equilibrium. As shown in figure 4-23, with 2 mW 

CW seeding power at 22oC, during the first couple of minutes after turning on the TA, the 

power reaches 160 mW and then drops immediately due to sudden temperature changes 

associated with turning on the TA diode. After about 15 minutes, when the system 

reaches the thermal equilibrium, the output power remains at 140 mW for more than the 

50 minutes measured. 
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Figure 4-22. TA optical spectrum with ML and CW seeding. Mode suppression is about 
32 dB and 38 dB respectively.  
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Figure 4-23. TA output power versus time. TA diode system reaches thermal equilibrium 
20 minutes after turning on the TA diode, and the output power remains 140 mW for 
more than 50 minutes. 

 
 

Summary of the Tapered Amplifier Diode System 

We have shown a simple and stable design for a tapered amplifier diode system, 

taking into consideration the thermal management of the heat dissipation, three-

dimensional collimation adjustments and strain release. The easily accessible three-

dimensional collimation adjustments allow us to precisely align the input and output with 

the TA diode, giving better output amplification performance. Both CW-ECDL and ML-

ECDL were constructed and used to inject optical power into the TA diode system. CW 

power after amplification reached 240 mW with 5 mW seeding power. This can be used 

as a tunable laser source for a Lidar project, like water vapor profiles in atmosphere [14] 

or any other system that requires high power while maintaining the narrow linewidth and 

frequency tunability. With 0.75 mW average seeding power, ML average powers after 
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amplification exceeded 80 mW with 9 ps pulse duration, translating to a peak power of 

around 11 W. These power levels should be sufficient to investigate nonlinear optical 

phenomena, such as self phase modulation in a fiber or the Raman effect in high finesse 

cavity with hydrogen. We also showed the optical spectrum after the TA maintains the 

same characteristics as the seeding light, and that the output spatial mode quality allowed 

45-55% coupling efficiency into a single mode fiber.  

 
CW and Mode-Locked Raman Laser Experiments 

Experimental setup 

The pump source in this setup is an ECDL with Littrow configuration, and by 

turning on or off the RF synthesizer signal, we can switch the pump source between  the 

ML-ECDL and the CW-ECDL. The estimated optical spectra of both the ECDLs are 

shown in figure 4-24. For the Littrow cavity, the optical spectrum of the CW-ECDL is 

made of a single longitudinal mode with the linewidth of 1~ 2 MHz [3]. For the ML-

ECDL, the optical spectrum is made of several longitudinal modes, each of which has the 

same linewidth as the mode of the CW-ECDL and are roughly separated by a GHz. The 

details of the ML spectra will be discussed later in the paper in connection with the 

beating measurements. 
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Figure 4-24. Estimated optical spectrums of CW-ECDL and ML-ECDL. (a) For the 
Littrow configuration, the CW-ECDL has a linewidth of 1~2 MHz. (b) For the ML-
ECDL, the optical spectrum is made of several longitudinal modes, each of which has the 
same linewidth as the mode of the CW-ECDL and are roughly separated by a GHz. 

 
 

Of the three pressure regions, only the medium pressure region (~10 atm) is easily 

accessible to us experimentally because the high pressure region would require a 

complete redesign of the Raman cavity and in the low pressure region, the Raman gain 

profile narrows, making it difficult to find a cavity mode at the Stokes wavelength that 

will be above threshold. Thus, we were only able to compare our experimental results for 

the medium pressure region. 

Figure 4-25 illustrates the experimental setup. Two Faraday isolators are used to 

minimize the optical feedback to the ECDL. An optical spectrum analyzer (OSA) is used 

to monitor the pump laser optical spectrum. Then the beam travels through a tapered 

amplifier (TA) diode system to increase the power [15]. Another isolator is used to 

prevent feedback to the TA diode. The output coupler and the cylindrical lens in the TA 

diode system mode match the beam to the HFC.  The combination of a polarizing beam 

splitter (PBS) and a quarter-wave plate (QWP) before the HFC allows a photodetector D1 

to receive the reflected light from the front mirror of the HFC, which is used to generate 

the Pound-Drever-Hall error signal. A half wave plate (HWP) is placed before the PBS to 
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vary the incident pump power on the HFC. An electro-optic modulator (EOM) is driven 

by a 12 MHz sine-wave generator and is used to add RF sidebands on the optical 

frequency as required for Pound-Drever-Hall locking [6,7,9]. The mixer multiplies the 12 

MHz sine-wave signal with the reflected signal from D1 to produce the error signal. The 

error signal is then input to two servos. The fast servo feeds the error signal back to the 

ECDL’s DC current controller for fast corrections to the laser’s frequency. At the same 

time, the slow servo sends feedback to the HFC’s piezoelectric transducer for slow 

corrections to the HFC’s length. For good frequency locking, the RF modulation to the 

ECDL has to match the free spectral range (FSR) of the HFC very well, the details of 

which are in Ref 15 and earlier in this chapter. The HFC in this setup is made of two 

mirrors with high reflectivity (R≈0.9999 at both pump and Stokes wavelengths) on both 

ends and is filled with 10 atm of H2 gas.            
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Figure 4-25. Schematic of experimental setup.  (G---grating, M---mirror, FI---Faraday 
isolator, HWP---half wave plate, PBS---polarizing beam splitter, SM---single mode, PM-
--polarization maintaining, OSA---optical spectrum analyzer, QWP---quarter wave plate, 
EOM---electro-optic modulator, TA---tapered amplifier, IC---input coupler, OC---output 
coupler, CL---cylindrical lens, PBP---pellin broca prism, D1---detector for error signal, 
D2 and D3---detectors for the pump and Stokes transmission). Dotted lines represent 
electronic wires. 

 
 

Results and Analysis 

We showed the intra-cavity field Equations 3.28-3.29 in chapter 3. To find the 

fields outside the Raman cavity we multiply by ( )1 2 T , since light can escape from 

either of two mirrors. Therefore the fields exiting the HFC become: 

 
( )( ) ( ) ( )1 2

in npn f p f p p f pnE R E T E= − +  (4.1) 

 ( ) ( )1 2pn b p b pnE T E=  (4.2) 

 ( ) ( )1 2sn f s f snE T E=  (4.3) 
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 ( ) ( )1 2sn b s b snE T E=  (4.4) 

where the first term on the right-hand side of Eq. (4.1) accounts for the reflected incident 

pump field and  f  and b  indicate the front and back of the Raman cavity. 

Now it is necessary to convert the fields into powers so that we can compare the 

experimental data with the theory.  We define the power by the following equation: 

 
1 2
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2

E Aε
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⎛ ⎞
Ρ = ⎜ ⎟

⎝ ⎠
 (4.5) 

with the scaled area A for both the pump and Stokes fields given by [16-18] 

 14 tan ( )
pl

A
l b

λ
−=  (4.6) 

where l  is the length of the cavity,  0(2 )b l R l= −  is the confocal parameter [19] of the 

beam and 0R  is the radius of the cavity mirrors.  

First we study the growth of the Raman laser in the CW regime by turning off the 

RF synthesizer. The pump laser is at 799 nm and the output Stokes is at 1196 nm. 

Through cavity ringdown measurements, the HFC’s mirror reflectivity at the pump 

wavelength is measured to be 0.99983pR =  [Appendix H]. The HFC’s length is 

17.84 cml = , the radius of the mirror 0 50 cmR =  and the Raman plane-wave gain 

coefficient [20, 21] is -9=1.53×10  cm/Wα  at 10 atm. Figure 4-26 shows the transmitted 

pump and Stokes power as a function of input pump power. As the input pump power 

increases, the transmitted pump increases until the system reaches the threshold, then the 

transmitted Stokes starts to grow while the transmitted pump power clamps. To fit the 
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theory to experimental data, we used the following parameters: 0.99983pR = , 

0.99980sR = , 43 ppmpT ≈  and 25 ppmsT ≈ , which are very close to the manufacturer’s 

data [22]. The apparent (top scale of the figure 4-26) threshold, which does not account 

for mode-matching losses into the HFC, is measured to be 4.79 mW. From the behavior 

of the system below threshold, the coupling efficiency into HFC is about 81.3% [23, 24]. 

So the real threshold is about 3.89 mW. 

 

Figure 4-26. Experimental data and theoretical fits of the CW-ECDL pumped Raman 
laser. Solid circles and stars represent the cavity transmitted CW pump (799 nm) and 
Stokes (1196 nm) power. The dashed lines are the theoretical fitting. The measured 
threshold is 4.79 mW; the actual threshold is 3.89 mW because of the 81.3% coupling 
efficiency. 
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Next we study the growth of the Raman laser in the ML regime. To do this, we 

turn on the RF synthesizer, instead of pumping with a CW-ECDL, now the pump source 

is a ML-ECDL. The estimated input pump spectrum is shown in figure 4-24(b). Back in 

the TA diode system test, higher RF power (23 dBm) was used. For the amplification test, 

we wanted to see if the TA diode system works for the short pulse and the noise of the 

system was not the main concern. Here we decrease the RF modulation power to 18 dBm 

because less RF power produces less noise in the ML laser which gives relatively easy 

time to do frequency locking. For this experiment, there were roughly 9 longitudinal 

modes due to the 18 dBm RF modulation [25, 26]. 

The transmitted ML Stokes and pump average power is shown in figure 4-27. The 

threshold is around 5.4 mW.  We noticed the transmitted pump after threshold is not 

clamping as in the CW case. We feel that this is because of the thermal lens effect in the 

Raman gas seen previously [27]. In other words, when the Stokes lasing starts to build up, 

the vibrational energy deposited in the gas causes hydrogen to expand in the region of 

laser beam, forming a negative lens effect. Due to this effect, the beam size becomes 

bigger and the Stokes power decreases, equivalent to a decrease in the Raman gain.  
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Figure 4-27. Experimental data of transmitted ML pump and ML Stokes.The measured 
threshold is 6.75 mW; the actual threshold is 5.4 mW because of the 81.3% coupling 
efficiency. 

 
 

The experimental and theoretical Stokes output is plotted in figure 4-28. From the 

theoretical prediction as shown in figure 4-28, if all the longitudinal modes are on the 

Raman gain line center ( -9=1.51×10  cm/Wα ), the threshold for this case should be 2.48 

mW, 36% less then the CW pumping threshold. However the experimental data showed 

the threshold is at 5.4 mW. To account for this discrepancy, we considered many 

possibilities. We began by looking at the dispersion of the hydrogen, which could lead to 

a mismatch between some of the pump laser frequencies and the cavity resonance 
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frequencies. However, the calculation of the index of refraction variation across these 9 

longitudinal modes showed the dispersion effect is negligible. Then we calculated the 

coupling efficiency into HFC for the CW and ML case when operating below the system 

threshold, which we determined to be the same. After eliminating the above possibilities, 

we think the discrepancy is probably because the combination of the Raman thermal lens 

effect and the fact that the Stokes longitudinal modes are not on the center of Raman gain 

distribution, as explained below.  

 

Figure 4-28. Experimental data and theoretical fits of the ML-ECDL pumped Raman 
laser. Solid circles are the cavity transmitted ML Stokes power. The solid line is the 
theoretical fit with plane wave gain coefficient -9=1.51×10  cm/Wα . The dashed line is 
the theoretical fit with -9=0.72×10  cm/Wα . In this case, the actual threshold is about 5.4 
mW. 
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In order to achieve good frequency lock of the ML-ECDL to the HFC, it is 

necessary to match the FSRs of both the Raman cavity and the ECDL to the RF 

modulation frequency.  Since the RF frequency is 840.66 MHz, the length of both these 

cavities needs to be 17.84 cm. This long length makes continuous tuning of the ECDL 

extremely difficult, even when running CW. Often, the laser needs coarse adjustments to 

the alignment. Even with this difficulty, when running CW, it is possible to tune the 

pump laser across the Raman gain profile because we can monitor the pump laser 

frequency on a wavemeter as we tune the pump laser.  By checking both the frequency of 

the laser and the output Stokes power, we can tune the CW laser to the frequency that 

maximizes the output Stokes power, which, at powers below 4x threshold, is the line-

center frequency of the Raman gain profile [28]. However, the wavemeter cannot 

determine the frequency of a ML laser because it is multi-mode. The loss of this tool 

makes it virtually impossible to tune the ML-ECDL to the line-center of the Raman 

profile since we have no reliable way to tune back to the previous frequency.  In addition, 

the ML system is inherently a noisier system than the CW system, making it harder to 

determine if the output Stokes power is increasing or decreasing. There is also the added 

difficulty of keeping the RF modulation frequency matched with both cavity lengths, but 

especially the HFC, where a mismatch between the Raman cavity FSR and the RF 

frequency decreases the Stokes output because of the mismatch between the input pump 

frequency comb and cavity’s resonance frequencies. After about 20 tries, the best 

alignment that we could achieve between the Stokes frequency and the Raman gain 

profile required that the plane-wave gain coefficient be decreased by a factor of 2.125 (to 
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-9=0.72×10  cm/Wα ) in order to obtain agreement between our theory and data, 

indicating that the Stokes was detuned from the line center frequency by roughly 250 

MHz [20, 21].  In the future, a new method of tuning the ML-ECDL across the Raman 

resonance will be needed in order to maximize the output Stokes power. 

The center wavelength of this ECDL is about 799 nm and we can obtain Stokes 

emission around 1196 nm as shown in figure 4-29. The resolution of the OSA is about 

0.01 nm, larger than the separation between adjacent Stokes modes, and thus the OSA is 

unable to resolve the longitudinal modes.  

 

Figure 4-29. Transmitted ML Stokes optical spectrum. 
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However we can use a high speed photoreceiver and a RF spectrum analyzer to do 

a beat signal analysis between the Stokes modes. When the average input pump power is 

about twice the CW threshold power, figure 4-30 shows the beat signals of the 

transmitted pump with 50 KHz bandwidth. The eight harmonic signals correspond to at 

least nine longitudinal pump modes. If those nine modes are random in phase or without 

four-wave-mixing enhancement, then the average input pump power needs to be at least 

nine times the threshold of CW case in order to make all the modes lase. Figure 4-31 

shows the seven harmonic beat signals from the transmitted Stokes, which means eight 

Stokes modes are lasing through four-wave-mixing processes. The eighth harmonic beat 

signal (or the ninth Stokes mode) is not shown here, we think this signal is too week for 

the RF spectrum analyzer. The Stokes harmonic beat signal is strong evidence to show 

that if the pump modes are in-phase, they can augment each other through four-wave-

mixing processes causing all of them to lase. We also considered producing Stokes 

optical spectrum based on the beating signal, however due to the uneven frequency 

response of the photoreceiver, challenge of long-term stable frequency locking and the 

Stokes output power fluctuation, the result can not be very accurate. Figure 4-32 shows 

the temporal pulses of the input pump, transmitted pump and transmitted Stokes beams 

measured by a digital real time oscilloscope (Tektronix TDS 694C). With roughly 220ps 

input pump pulse full width half maximum (FWHM), the transmitted pump and Stokes 

pulses are 260ps and 310ps. According to our theory, the widths of the output pump and 

Stokes beams are wider than the input because, in this pressure region, the transmitted 

longitudinal modes are slightly out of phase [29].  
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Figure. 4-30. Beat signals from the transmitted pump. There are eight harmonic signals 
with the first at around 840.66 MHz (RF modulation frequency), which means the 
transmitted pump pulse is made of at least nine longitudinal modes. 
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Figure 4-31. Beat signals from the transmitted Stokes. There are seven harmonic signals 
with the first at around 840.66 MHz (RF modulation frequency), which means the 
transmitted Stokes pulse is made of at least nine longitudinal modes. 
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Figure 4-32. Temporal pulses of the input pump, transmitted pump and transmitted 
Stokes beams. 
 
 

Conclusion of the Raman Experiments 

In this chapter, we experimentally demonstrated a far off resonance mode-locked 

Raman laser pumped by an actively ML-ECDL in the medium pressure region. First we 

built a ML-ECDL as a pump source at 800 nm which can be tuned 25 nm by tilting the 

grating. Mode-locking is achieved by modulating the laser threshold DC current with an 

18 dBm RF signal at 840.667 MHz, which is near the free spectral range associated with 

the 17.78 cm long cavity. The output power of this ML-ECDL is about 2 mW. In order to 

increase the pump power (2－35 mW), a simple, stable and compact TA diode system 

was designed and built. The amplified light maintained the same optical spectrum of the 

seeding light. After being amplified by the TA, the mode suppression was roughly 38 dB 

for CW seeding and 32 dB for ML seeding, which equals the mode suppression of the 
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seeding CW-ECDL and the ML-ECDL. With 0.75 mW average seeding power, 80 mW 

average power can be achieved by driving the TA at 1.75 Amps and 18oC. Then the ML-

ECDL was frequency locked to the HFC by the Pound-Drever-Hall technique. In order to 

adequately couple all of the laser’s longitudinal modes from the ML-ECDL into the HFC, 

three steps were taken. First the ML-ECDL noise level must be minimized. Next the RF 

frequency driving the mode locked laser must be close to the FSR of the HFC (within 

kHz). Finally, the laser cavity’s length must be finely tuned to match the HFC length to 

optimize the whole system.  

Our first Raman laser experiments were done with a CW pump laser. This 

allowed us to compare with previous experiments done in this laboratory. As found in 

these earlier experiments, we verified that the CW Raman laser performance agreed very 

well with the CW Raman theory and found the threshold is 3.89 mW. 

In studying the mode-locked Raman laser in the medium pressure region, we 

started with nine longitudinal pump modes, which when operating at an average power 

level slightly above the CW threshold (3.89 mW), each of the pump modes, taken on its 

own, was below the CW lasing threshold. If these nine pump modes were independent of 

each other, they would each have a threshold of 3.89 mW giving a combined threshold of 

~35mW. However, because the pump modes were phase-locked together, they could 

augment each other through four-wave-mixing processes, decreasing the mode-locked 

threshold from 35 mW to 5.4 mW. 

For the medium pressure regime that we could study, the threshold expected for 

our mode-locked diode laser was 36% below the CW threshold, while experimentally we 
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observed 38.8% above the CW threshold. In support of this conclusion, we found that 

when we decreased the Raman gain in our theory by a factor of 2.125 

( -9=0.72×10  cm/Wα ), the theory agreed well with the experimental data. A possible 

explanation for this discrepancy lied in a combination of the Raman thermal lens effect 

and the Stokes cavity modes not being perfectly centered under the Raman gain profile. 

After many experimental attempts, we concluded that a new method of tuning the mode 

locked diode pump laser across the Raman resonance will be needed to verify the theory 

more accurately. 

During our experiments we also studied the predicted spectral output for the 

mode-locked Raman laser. To do this we studied the beat signal from the mode-locked 

Raman laser output on a RF spectrum analyzer. The Stokes harmonic beat signal was 

strong evidence to show that even though the individual pump modes are below threshold, 

if the pump modes are in-phase, they can augment each other through four-wave-mixing 

processes causing all of them to lase. In addition, the observed 310 ps temporal pulse 

train on a fast oscilloscope was further evidence that Stokes output was mode-locked.  
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spectrum analyzer, so the number of pump mode is at least nine. 
 

26. The power ratio of these nine pump modes can get through scanning the HFC 
to resolve different modes when mismatching the RF synthesizer signal to the 
FSR of HFC. The ratio we use here is 
0.4315:0.2538:0.2031:0.0761:0.01692:0.0152: 0.0017:0.0008:0.0008. 
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CHAPTER 5 

CONCLUDING REMARKS 

In the past several years, the CW far-off resonance Raman laser with HFC 

enhancement has been studied both theoretically and experimentally. Because of the high 

reflectivity mirrors, the intra-cavity power can be enhanced by factor of tens of thousands 

and the threshold of the CW Raman laser system is on the mW level. Then instead of 

using CW pumping, if a pulsed source is used, the intra-cavity peak power may reach 

thousands of watts, which may lead to some interesting phenomena, like 

electromagnetically induced transparency. One way to build a pulse source is through 

mode-locking. Though we had a good understanding about how a single (CW) Stokes 

mode built up inside the cavity, we needed to investigate how the many modes from the 

mode-locked laser could help each other to grow through four-wave-mixing processes 

and also if the threshold of the mode-locked Raman laser system would still have a low 

threshold on the mW level. 

In order to understand these phenomena, in this thesis, we studied for the first 

time a far-off-resonant mode-locked Raman laser in hydrogen with high finesse cavity 

enhancement. To do this we expanded the previous CW theory to include the effects of 

the mode locked pumping. Experimentally we designed and built a mode-locked Raman 

laser and to achieve the high powers needed for the experiment, developed a new design 

for a very stable and easy to align diode amplifier. We then used this mode-locked diode 
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oscillator-amplifier system to measure the experimental behavior of the mode-locked 

Raman laser and compared these measurements to our theoretical predictions. 

Based on semiclasscial laser theory, the theory of this far-off resonance mode-

locked Raman laser was derived in chapter 3. Depending on the relationship between the 

Raman linewidth and repetition rate of the pump source, we classified this problem into 

three regions: low pressure, medium pressure and high pressure. Simulation results, 

including time-dependent intra-cavity fields’ amplitude and phase evolution and Stokes 

power versus input pump power, are shown in these different regions. All these pressure 

regions indicated that the individual longitudinal modes of the Raman laser would couple 

strongly to enhance the Raman gain over what would be expected from an individual 

longitudinal mode. However, the amount of this enhancement was predicted to depend on 

the pressure. The Raman gain profile is widest in the high pressure region and narrowest 

in the low pressure region; therefore, we predict that the high pressure region will have 

the strongest four-wave-mixing enhancement. 

Of the three pressure regions, only the medium pressure region (~10 atm) was 

easily accessible to us experimentally because the high pressure region would require a 

complete redesign of the Raman cavity and in the low pressure region, the Raman gain 

profile narrows, making it difficult to find a cavity mode at the Stokes wavelength that 

will be above threshold. Thus, we were only able to compare our experimental results for 

the medium pressure region. Nonetheless, we still expected the threshold of the Raman 

laser in the medium pressure region to be lower than a single longitudinal mode (CW) 

pump. 
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Our first experiments were done with a CW pump laser. This allowed us to 

compare with previous experiments done in this laboratory. As found in these earlier 

experiments, we verified that the CW Raman laser performance agreed very well with the 

CW Raman theory. 

In studying the mode-locked Raman laser, however, we found less agreement 

between the theory and the experiment. While the experiments indeed showed that there 

was significant gain enhancement between the longitudinal modes of the mode-locked 

Raman laser, the enhancement was not as much as the theory predicted. For the medium 

pressure regime that we could study, the threshold expected for our mode-locked diode 

laser was 36% below the CW threshold, while experimentally we observed 38.8% above 

the CW threshold. In support of this conclusion, we found that when we decreased the 

Raman gain in our theory by a factor of 2.125, the theory agreed well with the 

experimental data. A possible explanation for this discrepancy lied in a combination of 

the Raman thermal lens effect and the Stokes cavity modes not being perfectly centered 

under the Raman gain profile. After many experimental attempts we concluded that a 

new method of tuning the mode locked diode pump laser across the Raman resonance 

will be needed to verify the theory more accurately. 

During our experiments we also studied the predicted spectral output for the 

mode-locked Raman laser. To do this we studied the beat signal from the mode-locked 

Raman laser output on a RF spectrum analyzer. The Stokes harmonic beat signal is strong 

evidence to show that even though the individual pump modes are below threshold, if the 

pump modes are in-phase, they can augment each other through four-wave-mixing 
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processes causing all of them to lase. In addition, the observed temporal pulse train on a 

fast oscilloscope is further evidence that Stokes output is mode-locked.  

As mentioned earlier, in the future, a new method of tuning the ML-ECDL across 

the Raman resonance will be needed in order to maximize the output Stokes power and to 

probe the accuracy of the developed mode-locked Raman theory. Finally, we think there 

may be some interesting phenomena, like electromagnetically induced transparency, 

accessible in the high pressure region. 
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APPENDIX A  

DIVERGENCE OF THE POLARIZATION 
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The definition of the electric displacement in the medium is 0D E Pε= +� � � , where 

P�  is the induced polarization. From Maxwell equations, we have 0D∇ =�i  when there is 

no free charge. 

In our case, the medium is hydrogen, which is isotropic, then the induced  P�  is 

parallel to E�  with a coefficient of proportionality that is independent of direction: 

0 eP Eε χ=� � . The constant eχ  is called the electric susceptibility of the medium. The 

displacement D�  is therefore proportional to E� , D Eε=� � , where 0 (1 )eε ε χ= +  is the 

electric permittivity. The hydrogen gas is also uniform in the cavity, then ε  is 

independent of position, 0 ( )D E Eε ε= ∇ = ∇ = ∇� � �i i i , so 0E∇ =�i  and 0P∇ =�i . 
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APPENDIX B 

LAPLACIAN OF THE ELECTRIC FIELD 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

115

Let us assume the laser field is propagating along the ẑ  direction, we have 

( )ˆ ˆ ˆ( ) zi k z t
x y zE E x E y E z e ω−= + +� .   From the definition, 

2 2 2
2

2 2 2

E E EE
x y z

∂ ∂ ∂
∇ = + +

∂ ∂ ∂

� � �� . The three 

second derivatives are as following:  
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In the x̂  component of the 
2

2

E
z

∂
∂

�
, we have 

2
2

2 2( )  x x
z x

E Eik E
z λ

∂
∂

� ∼  because xE  

along the ẑ  direction is slowly varying on the scale of an optical wavelength, so is the 

reason for 2(2 ) ( )x
z z x

Eik ik E
z

∂
∂
� . In other words, the dominant term for the x̂  

component of the 
2

2

E
z

∂
∂

�
 is ( )2( ) zi k z t

z xik E e ω− . 

Now let us compare the x̂  component of the 
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because ( )  x yE  along the ˆ ˆ( )x y  direction is slowly varying on the scale of an optical 

wavelength too. 

The same arguments can be used for ŷ  and ẑ  components. So we can say the 

dominant term of the 2E∇ �  is from 
2

2

E
z

∂
∂

�
, or 

2
2

2

EE
z

∂
∇ =

∂

�� . 
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APPENDIX C 

SOLUTION TO THE COHERENCE QUEATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

118

For the linear first order differential equation ( ) ( )y f t y g t′ + = , the general 

solution is 
( ) ( )

( ) [ ( ) ] 
t z

tf x dx f x dx
y t e e g z dz C

−∫ ∫= +∫ . Rewrite Eq. (3.13) as 

1 1 2 2
31 0 31 1 2 1 2( ) ( + +C +C )i t i t i t i ti A B e B e e eω ω ω ωσ γ σ − −= − + +� , where A, B1, B2, C1 and C2 are 

constants and 1 2 1 2A B B C C≈ ≈ ≈ ≈ , 0 1 2γ ω ω∼ � . The solution for this equation is 

0 0 1 1 2 2
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0
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If 1 2 1 2A B B C C≈ ≈ ≈ ≈ and 0 1 2γ ω ω∼ � , then 
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same solution of equation 1 1
31 0 31 1 2( ) ( + )i t i ti A B e B eω ωσ γ σ −= − + +�  and shows how we can 

drop all the fast oscillation terms. 
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APPENDIX D 

PHASE MISMATCH CALCULATION 
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To produce 1sE , the four-wave-mixing term *
1 2 2( )p p sE E E should have a phase 

mismatch term as 1 1 2 2[( ) ( )]1

0

p s p s

L
i k k k k z

L e dz− − − −∫ . Since 1 1 2 2[( ) ( )]p s p sk k k k− − −  is on the order 

of 410−  and L is about 0.18 m, the whole integral goes to 1. Thus, no phase mismatch 

terms need to be considered. 
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APPENDIX E 

MATLAB PROGRAMS 
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Intra-cavity Fields’ Time Evolution  

function Multi_mode_Ramman(t,y) 
clear 
global M Gama_31 Es Ep initial_condition Epin w_RF l F dispersion 
Dispersion_pump_equation Dispersion_stokes_equation kp Lp Ls g_p g_s 
g_31 Gama_31 k_pump k_stokes 
  
for M=1:9            % number of mode 
M  
a=1;                 % define the Gama_31(Raman linewidth)             
b=9;                 % define the Gama_31(Raman linewidth) 
Gama_31=a*10^b;      % dephase rate 1GHz 
l=0.1778;            % cavity length 17.78 cm 
c=3*10^8;            % speed of light 
w_RF=c/2/l;          % RF frequency (repetition rate of the ML-ECDL)  
[Gama_31,w_RF]; 
  
if b<9               % if b<<9, in the low pressure region    
    p_dis='low';    
elseif b==9          % if b=9, in the medium pressure region  
    p_dis='medium'; 
else                 % if b>>9, in the high pressure region  
    p_dis='high' 
end 
  
initial_p=zeros(1,M); % set initial phaser for the individual pump mode 
initial_s=rand(1,M)*2*pi;% set initial phaser for the individual Stokes 
mode 
initial_condition=[initial_p,1*exp(i.*initial_s)]; 
  
Epin=4100                   % set the input pump field 
t0=1000;                    % time span 
  
savefile = [ int2str(Epin)  p_dis '_P_M='  int2str(M) 'unequal_ww.mat'];  
% save data to file 
  
options = odeset('RelTol',1e-4,'AbsTol',1e-7) ; 
Rp=0.99983;                 % Reflectivity of pump 
Rs=0.99980;                 % Reflectivity of stokes   
  
Tp=42*10^(-6);              % Transmittance of pump 
Ts=25*10^(-6);              % Transmittance of Stokes   
afa=1.53*10^(-11);          % plane-wave gain coefficient   
  
lamdap1=800*10^(-9);        % pump wavelength 
   
Raman_shift=4155*3*10^10;   % Raman shift in hydrogen 4155 cm ^(-1)   
lamda_v_p1=800*10^(-9);     % the first pump mode wavelength 
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ww=[5.1 3 2.4 0.9 0.2 0.18 0.02 0.01 0.01 ]/11.82;% the weight of 9 
pump modes 
  
for n=1:M 
f_p(n)=c/lamda_v_p1- (n-1)*w_RF;% calculate individual pump mode 
frequency 
lamda_v_p(n)=c/f_p(n);% calculate individual pump mode wavelength        
lamda_v_s(n)=c/(c/lamda_v_p(n)-Raman_shift);% calculate individual 
Stokes mode wavelength  
f_s(n)=c/lamda_v_s(n);% calculate individual Stokes mode frequency 
weight(n)=ww(n);% individual input pump mode weight 
end 
  
e0=8.85*10^(-12); 
u0=1.26*10^(-6); 
h_ba=1.054*10^(-34);          % Joul*s 
Lp=-c/2/l*(log(Rp));          % the losses that are due to mirrors  
Ls=-c/2/l*(log(Rs));          % the losses that are due to mirrors  
G=1/2*((1/8)*afa*c*((e0/u0)^(1/2)))*(2*lamda_v_p(1)/(lamda_v_p(1)+lamda
_v_s(1)));     % gain of system 
w31=f_p(1)-f_s(1);                
g=(G*2*h_ba*e0*Gama_31/w31)^0.5; 
  
Esin=1;             % initial Stokes field due to spontaneous emission 
for n=1:M 
EEpin(n)=(weight(n))^(0.5)*Epin;    
kp(n)=c/l*EEpin(n)*(Tp)^(1/2);   
g_p(n)=f_p(n)*g/e0; % calcualte individual mode gain coefficient      
g_s(n)=f_s(n)*g/e0; 
g_31=g/(2*h_ba); 
end 
  
no = 0.000136075;       % Index at zero frequency, 1 atm, and 273 K 
bo = 2.69852 * 10^-22;  % Linear correction coefficient 
co = 1.16021 * 10^-35;  % Quadratic correction coefficient 
  
P = 10;             %  H2 pressure in cavity (atm) 
T = 300;            %  Temperature in cavity (K) 
  
 
%  The index of refraction takes on the following form: n = A + B*f + 
%  C*f^2 where A, B, and C are definded by: 
an = 1 + no*P*273/T;  
bn = bo*P*273/T; 
cn = co*P*273/T; 
  
  
  
f_pump = c./lamda_v_p;            % Pump frequency (Hz) 
f_stokes = c./lamda_v_s;          % Pump frequency (Hz) 
n_pump = an + bn.*f_pump + cn.*f_pump.^2;% Pump index of refraction 
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n_stokes = an + bn.*f_stokes + cn.*f_stokes.^2;% Pump index of 
refraction 
k_pump=2*pi*n_pump./lamda_v_p; 
k_stokes=2*pi*n_stokes./lamda_v_s; 
  
[T,Y] = ode23s(@MM_Ramman,[0 t0*10^(-6)],initial_condition,options);  % 
ODE solver 
  
figure              % plot 
for nnn=1:M 
    subplot(M,1,nnn) 
    plot(T*10^6,abs(Y(:,nnn)),'*-',T*10^6,abs(Y(:,nnn+M)),'o-') 
    hold 
end 
  
Ip=0; 
Is=0; 
for nnn=1:M 
    Ip=Ip+abs(Y(end,nnn))^2; 
    Is=Is+abs(Y(end,nnn+M))^2; 
end  %for nnn=1:M 
[Ip, Is] 
  
save(savefile,'ww','Epin','Gama_31','w_RF','l','T','Y','Ip','Is','initi
al_condition') 
end    %for M=1:1  % number of mode 
  
%%%%%%%This calculation is based on the Eqs.(3.27)---(3.29)%%%%%%%%%%%% 
function dy = MM_Ramman(t,y) 
global M Gama_31 Es Ep initial_condition Epin w_RF l F dispersion 
Dispersion_pump_equation Dispersion_stokes_equation kp Lp Ls g_p g_s 
g_31 Gama_31 k_pump k_stokes 
  
dy = zeros(2*M,1);    % a column vector 
for iiii=1:M;    % n=iiii 
    AAAA(iiii)=0; 
    BBBB(iiii)=0; 
      
    
    for iii=1:M   % Beta=iii 
        AAA(iii)=0; 
        BBB(iii)=0; 
         
         
        for ii=1:M  % alfa=ii 
                if  ( ( ii-(iii-iiii) ) >0  )&( ( ii-(iii-iiii) ) <=M  ) 
                        AA=y( ii-(iii-iiii) )*   conj(y(ii+M))  ;  % p 
field * S field 
                               
                        BB=conj(y(ii))*    (  y(ii-(iii-iiii) +M)  )  ;  
% p field * S field; 
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                else %( ( ii-(iii-iiii) ) >0)&( ( ii-(iii-iiii)) <=M ) 
                         AA=0; 
                         BB=0; 
                
                end %( ( ii-(iii-iiii) ) >0)&(( ii-(iii-iiii) ) <=M  ) 
             
        AAA(iii)=AAA(iii)+AA; 
        BBB(iii)=BBB(iii)+BB; 
                 
        end  %for ii=1:M  % alfa=ii 
        AAAA(iiii)=AAAA(iiii)+AAA(iii)*y(iii+M)/( Gama_31+i*(iii-
iiii)*w_RF ); 
        BBBB(iiii)=BBBB(iiii)+BBB(iii)*y(iii)/( Gama_31+i*(iii-
iiii)*w_RF ); 
       
    end  %for iii=1:M   % Beta=iii   
    dy(iiii)=kp(iiii)-Lp*y(iiii)-g_p(iiii)*g_31*AAAA(iiii); 
    dy(iiii+M)=-Ls*y(iiii+M)+g_s(iiii)*g_31*BBBB(iiii); 
    
end  %for iiii=1:M;     
  
 
 

Intra-cavity Stokes Field as a Function as Input Pump 

function Multi_mode_Ramman(t,y) 
  
global M Gama_31 Es Ep initial_condition Epin w_RF l kp Lp Ls g_p g_s 
g_31 Gama_31 k_pump k_stokes 
  
for M=6:6  % number of mode 
M  
a=1;                 % define the Gama_31(Raman linewidth)             
b=9;                 % define the Gama_31(Raman linewidth) 
Gama_31=a*10^b;      % dephase rate 1GHz 
l=0.1778;            % cavity length 17.78 cm 
c=3*10^8;            % speed of light 
w_RF=c/2/l;          % RF frequency (repetition rate of the ML-ECDL)  
[Gama_31,w_RF]; 
  
  
    p_dis='medium';   % medium pressure 
    if M==1 
        Epinreference=5000; 
        ww=1; 
     
    elseif M==9 
        Epinreference=6000; 
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        ww=[0.29 0.29 0.23 0.1 0.0583 0.0233]; % weight of six 
individual pump input mode 
    end 
  
initial_p=zeros(1,M);% set initial phaser for the individual pump mode 
initial_s=rand(1,M)*2*pi;% set initial phaser for the individual Stokes 
mode 
initial_condition=[initial_p,1*exp(i.*initial_s)]; 
  
  
nn_Epin=0;  % counter for Epin 
  
for Ipin=[4500^2:10^5:Epinreference^2,Epinreference^2: 5*10^5 :6500^2] 
% set the input pump field 
     
Epin=Ipin^0.5 
if Epin<Epinreference 
    t0=15000; 
else 
t0=1500; 
end  %% if Epin<2500   
  
savefile = [ 'Threshold_'  p_dis '_P_M='  int2str(M) '.mat']; 
  
Rp=0.99983;                 % Reflectivity of pump 
Rs=0.99980;                 % Reflectivity of stokes   
  
Tp=42*10^(-6);              % Transmittance of pump 
Ts=25*10^(-6);              % Transmittance of Stokes   
afa=1.53*10^(-11);          % plane-wave gain coefficient   
  
lamdap1=800*10^(-9);       % pump wavelength 
Raman_shift=4155*3*10^10;   % Raman shift in hydrogen 4155 cm ^(-1)   
lamda_v_p1=800*10^(-9);     % the first pump mode wavelength 
  
for n=1:M 
f_p(n)=c/lamda_v_p1- (n-1)*w_RF;% calculate individual pump mode 
frequency 
lamda_v_p(n)=c/f_p(n);% calculate individual pump mode wavelength        
lamda_v_s(n)=c/(c/lamda_v_p(n)-Raman_shift); % calculate individual 
Stokes mode wavelength  
f_s(n)=c/lamda_v_s(n);% calculate individual Stokes mode frequency 
weight(n)=ww(n); % individual input pump mode weight 
end 
  
e0=8.85*10^(-12); 
u0=1.26*10^(-6); 
h_ba=1.054*10^(-34);          % Joul*s 
Lp=-c/2/l*(log(Rp));          % the losses that are due to mirrors  
Ls=-c/2/l*(log(Rs));          % the losses that are due to mirrors  
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G= 
1/2*((1/8)*afa*c*((e0/u0)^(1/2)))*(2*lamda_v_p(1)/(lamda_v_p(1)+lamda_v
_s(1)));         % gain of system 
w31=f_p(1)-f_s(1); 
g=(G*2*h_ba*e0*Gama_31/w31)^0.5; 
  
Esin=1;   % initial Stokes field due to spontaneous emission 
for n=1:M 
EEpin(n)=(weight(n))^(0.5)*Epin;   
kp(n)=c/l*EEpin(n)*(Tp)^(1/2);   
g_p(n)=f_p(n)*g/e0;     % calcualte individual mode gain coefficient 
g_s(n)=f_s(n)*g/e0; 
g_31=g/(2*h_ba); 
end 
  
no = 0.000136075;   % Index at zero frequency, 1 atm, and 273 K 
bo = 2.69852 * 10^-22;  % Linear correction coefficient 
co = 1.16021 * 10^-35;  % Quadratic correction coefficient 
  
P = 10;             %  H2 pressure in cavity (atm) 
T = 300;            %  Temperature in cavity (K) 
  
%  The index of refraction takes on the following form: n = A + B*f + 
%  C*f^2 where A, B, and C are definded by: 
an = 1 + no*P*273/T;  
bn = bo*P*273/T; 
cn = co*P*273/T; 
  
f_pump = c./lamda_v_p;          % Pump frequency (Hz) 
f_stokes = c./lamda_v_s;          % Pump frequency (Hz) 
n_pump = an + bn.*f_pump + cn.*f_pump.^2;% Pump index of refraction 
n_stokes = an + bn.*f_stokes + cn.*f_stokes.^2;% Pump index of 
refraction 
k_pump=2*pi*n_pump./lamda_v_p; 
k_stokes=2*pi*n_stokes./lamda_v_s; 
options = odeset('RelTol',1e-4,'AbsTol',1e-7) ; 
[T,Y] = ode23s(@MM_Ramman,[0 t0*10^(-6)],initial_condition,options); 
  
Ip=0; 
Is=0; 
for nnn=1:M 
    Ip=Ip+abs(Y(end,nnn))^2; 
    Is=Is+abs(Y(end,nnn+M))^2; 
end  %for nnn=1:M 
[Ip, Is]; 
  
nn_Epin=nn_Epin+1; 
Pumpinput_I(nn_Epin)=Ipin; 
Stokesoutput_I(nn_Epin)=Is; 
Pumpoutput_I(nn_Epin)=Ip; 
plot(Ipin,Is,'*'); 
hold on 
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end % for Ipin=[1500^2:10^5:2500^2,2500^2:5*10^5:6000^2] 
save(savefile,'ww','Gama_31','w_RF','l','Pumpinput_I','Stokesoutput_I',
'Pumpoutput_I') 
clear Pumpinput_I Stokesoutput_I Pumpoutput_I 
end    %for M=1:1  % number of mode 
 
 
%%%%%%%This calculation is based on the Eqs.(3.27)---(3.29)%%%%%%%%%%%%  
function dy = MM_Ramman(t,y) 
global M Gama_31 Es Ep initial_condition Epin w_RF l kp Lp Ls g_p g_s 
g_31 Gama_31 k_pump k_stokes 
  
dy = zeros(2*M,1);    % a column vector 
for iiii=1:M;    % n=iiii 
    AAAA(iiii)=0; 
    BBBB(iiii)=0; 
       
    for iii=1:M   % Beta=iii 
        AAA(iii)=0; 
        BBB(iii)=0; 
     
        for ii=1:M  % alfa=ii 
                if  ( ( ii-(iii-iiii) ) >0  ) &  ( ( ii-(iii-iiii) ) 
<=M  ) 
                      AA=y( ii-(iii-iiii) )*   conj(y(ii+M))  ;  % p 
field * S field 
                      BB=conj(y(ii))*    (  y(ii-(iii-iiii) +M)  )  ;  
% p field * S field; 
                      
                else %( ( ii-(iii-iiii) )>0 )&( ( ii-(iii-iiii) ) <=M  ) 
                      AA=0; 
                      BB=0; 
                
                end %( ( ii-(iii-iiii))>0)&( ( ii-(iii-iiii) ) <=M  ) 
             
                AAA(iii)=AAA(iii)+AA; 
                BBB(iii)=BBB(iii)+BB; 
        end  %for ii=1:M  % alfa=ii 
        AAAA(iiii)=AAAA(iiii)+AAA(iii)*y(iii+M)/( Gama_31+i*(iii-
iiii)*w_RF ); 
        BBBB(iiii)=BBBB(iiii)+BBB(iii)*y(iii)/( Gama_31+i*(iii-
iiii)*w_RF ); 
   end  %for iii=1:M   % Beta=iii 
    dy(iiii)=kp(iiii)-Lp*y(iiii)-g_p(iiii)*g_31*AAAA(iiii); 
    dy(iiii+M)=-Ls*y(iiii+M)+g_s(iiii)*g_31*BBBB(iiii); 
    
end  %for iiii=1:M;     
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APPENDIX F 

MECHANICAL DESIGN OF THE TAPERED AMPLIFIER DIODE SYSTEM 
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Assembly 
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Tapered Amplifier Diode Holder 
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Housing for the Tapered Amplifier Diode Holder 
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Heat Sink 
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Top Case 
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Front Case 
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APPENDIX G 

COLLIMATION CALCULATION FOR THE TAPERED AMPLIFIER SYSTEM 
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From the manufacture’s data, the input and output aperture of the gain region is 3 

μm and 190 μm respectively. We assume the index of refraction of the gain medium 

1 3n ≈  and index of the refraction of the air is 2 1n = .  

Figure G-1 is the top view of the tapered amplifier diode. From the basic 

geometry, 1
1

190 2tan ( ) 1.978
2750

θ −= = ° . Then from the Snell’s law 1 1 2 2sin( ) sin( )n nθ θ= , 

we have 1 1 1
2

2

sin( )sin [ ] 5.9n
n
θθ −= = °  or 22 11.8θ = °  and 1

2

190 2 912.3 μm
tan( )

h
θ

= = . The 

manufacture’s data shows the parallel divergence angle is 7 13° °∼ , which consistent 

with our calculation 11.8° . The perpendicular divergence angle from the datasheet is 

about 28° . Since these two divergent angles differ a lot, it is impossible to collimate the 

beam with just one spherical lens. An extra cylindrical lens is needed after the spherical 

lens.  

                                     

Figure G-1. The top view of the tapered amplifier diode. The shadowed area represents 
the gain region. The parallel divergent angle is about11.8° . 
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Collimating the Divergent Beam in the Perpendicular Direction 

We choose to use a spherical lens with 4.5 mmsf =  to collimate the 

perpendicular divergent beam first. The height of the gain region is not given from the 

datasheet, but based on the single slit diffraction limit, we assume the height is 

about 2.4 μm , which is comparable with the input aperture, but much smaller than the 

output aperture in the paralle direction. The spherical lens is 4.5 mm away from the 

output aperture. The perpendicular divergent angle as shown in figure G-2 is 28°  and we 

can calculate the collimated beam radius 1 4.5 tan(14 ) 1.122 mmR = × ° =  based on simple 

geometry. 

                                     

Figure G-2. The side view of the tapered amplifier diode. A spherical lens with focal 
length of 4.5 mm is used here to collimate the perpendicular divergent beam. The 
resulting collimated beam radius is 1.122 mm.  
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Collimating the Divergent Beam in the Parallel Direction 

Now we need to collimate the divergent beam in the parallel direction to the same 

size as in the perpendicular direction. Unlike the perpendicular one, after a spherical lens, 

the beam does not collimate as shown in figure G-3, so an extra cylindrical lens is placed 

after the spherical lens.  

From the earlier discussion, we know 1 912.3 μmh = ,  2 4.5 mmh =  and 

4.5 mmsf = . The Gaussian Lens Formula 
1 2 3

1 1 1
( ) sh h h f

+ =
+

 gives 3 26.703 mmh = . 

Based on the figure G-3, 3 1 2 2( ) tan( ) 1.121 mmR h h θ= + =   and 3 3

1 4

R h
R h

= ,  then 

4 52.537 mmh = , which also should be focal length of the cylindrical lens 

52.537 mmcf = . 

 
Summary of the Collimating the Tapered Amplifier Output Beam 

In order to collimate the output beam from the tapered amplifier diode, we need to 

put a spherical lens ( 4.5 mmsf = ) 4.5 mm away from the diode and a cylindrical lens 

( 52.537 mmcf = ) 7.9 cm after the special lens. With these parameters, the final 

collimated beam radius is 1.122 mm.  
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Figure G-3. Optical design of how to collimate the parallel divergent beam. 
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APPENDIX H 

CAVITY RINGDOWN MEASUREMENTS 
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Principle of Ringdown Measurements 

In a high finesse cavity with the mirror’s reflectivity ~0.9999, an accurate way to 

determine the reflectivity of the mirrors is by measuring the cavity’s ringdown time. The 

principle of the cavity ringdown measurement is that after shutting down the incident 

beam, we measure the time the light takes to leak out from the cavity and then convert 

this time to the mirror’s reflectivity. 

Assuming the electric field inside the cavity is E , cavity length is L ,  the cavity 

loss is α , the intra-cavity laser field equation can be written in the absence of a medium 

as 

 dE E
dt

α= −  (H.1) 

or 
 dE Edtα= −  (H.2) 

or 
 0( ) tE t E e α−=  (H.3) 

where 0E  is the intra-cavity electric field at the moment when the incident beam gets shut 

down. We integrate the Eq. (H.2) over one round trip time 2L
c

. After one round trip time 

(or bouncing once from each mirror), the electric field E  changes from 0E  to 2
0 ( )E R , 

where R is the mirror’s reflectivity. 

 0

0

2

0

1 LE R
c

E
dE dt

E
α= −∫ ∫  (H.4) 

Eq. (H.4) can be simplified to 
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 2ln( ) LR
c

α= − . (H.5) 

Now we have  

 ln( )
2
c R
L

α = −  (H.6) 

 

From Eq. (H.3), when 1
2

t τ
α

= = , the intensity 0
1( )I I
e

τ =  

 1ln( )       ( 1)xx x
x
−

∼�  (H.7) 

 1ln( ) RR
R
−�  (H.8) 

 1 2
2 2 1 (1 )

L R L R
c R c R

τ
α

= = − =
− −

 (H.9) 

 

The free spectral range (FSR) of the cavity is 
2
c
L

 and the finesse of the cavity is 
1

R
R

π
−

, 

the linewidth (LW) of the cavity is defined as FSR 1LW
Finesse 2

c R
L Rπ

−
= = , so 1 1

2 LW
τ

π
=  

For our HFC, 4

GHzLW 100 kHz
10

≈ ≈ , 1 1 μs 
2 100 kHz

τ
π

= ≈ , which is an easily 

measurable scale. 
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Experimental Setup and Results 

Experimental Setup 

 Figure H-1 shows the experimental setup for the ringdown measurements. The 

laser diode first goes through an acoustic-optic modulator (AOM), and the first order 

diffraction light from the AOM acts as an incident beam to the high finesse cavity (HFC). 

A detector is placed after the HFC measuring the leaking light power as a function of 

time (ringdown time). A high voltage supply is used to finely adjust the HFC length 

through the piezoelectric transducer (PZT) inside the cavity. Since the linewidth of the 

HFC is narrow, by finely tuning the voltage, we can meet the resonant condition, 

allowing the light to transmit through the HFC. Once the transmitted light from the HFC 

hits the detector, the electric servo will immediately shut down the first order diffraction 

light. Thus the ringdown time can be measured by the detector and an oscilloscope. 

   

 

 

 
 
 
 
     
 
 
 
 
Figure H-1. The experimental setup for ringdown measurement. (LD---laser diode, 
AOM---acoustic-optic modulator, HFC---high finesse cavity, HVS---high voltage supply, 
PZT--- piezoelectric transducer, D---detector). Dotted lines represent electronic wires. 
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Experimental Results 

 Figure H-2 shows four sets of experimental data and exponential decay fits to the 

data. Using the exponential fits, we can determine the decay time (~μs) and then convert 

it to the finesse of the cavity and the reflectivity of the mirror. In this case, the reflectivity 

result is consistently around 0.99983. 

Ringdown measurements for the new mirrors
(for pump: R=0.99983 T=40ppm A=130ppm)
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Figure H-2. Experimental data and exponential decay fitting data of the ringdown time. 
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APPENDIX I 

ACRONYMS USED IN THIS THESIS 
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AOM ― Acoustic-optic modulator 

CW ― Continuous-wave 

CW-ECDL ― Continuous-wave External Cavity Diode Laser 

ECDL ― External Cavity Diode Laser 

EOM ― Electro-optic Modulator 

FI ― Faraday Isolator  

FSR ― Free Spectral Range 

FWHM ― Full Width Half Maximum 

HFC ― High Finesse Cavity 

HWP ― Half Wave Plate  

ML ― Mode-locked 

ML- ECDL ― Mode-locked External Cavity Diode Laser 

OSA ― Optical Spectrum Analyzer 

PBS ― Polarizing Beam Splitter 

PM ― Polarizing Maintaining  

PMT ― Photon Multiplier Tube 

PZT ― Piezoelectric Transducer 

QWP ― Quarter Wave Plate  

SM ― Single Mode 

SRS ― Stimulated Raman Scattering 

TA ― Tapered Amplifier 

 


