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Chapter 1

Abstract

In this thesis several different nonlinear phenomena were examined, such as the
Raman scattering of light in fibers and solid bodies and the nonlinear dispersion
of fibers. Furthermore the influence of different parameters such as the dispersion
coefficients βi and the pulse intensity was examined. In order to measure both the
Raman response and the dispersion of materials, two new setups had to be designed,
programmed and tested. Finally the obtained data was used for testing an existing
fiber laser which uses the self-phase-modulation-effect to obtain shorter pulse lengths.
Furthermore a packaging for this laser was designed and calculated.
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Chapter 2

Introduction

Since the development of the laser in 1960 many new application methods have
been developed. Among others scientists discovered that light not only generates
linear effects in materials, but also nonlinear effects. The importance of those
nonlinear effects increases with every year, and with it the broadness of their possible
applications. Nonlinear effects can not only be used in fibers necessary for data
transport, the nutriment of today’s world, but also for example in illumination
applications, for range finding, for detection systems and many options more. In
order to improve the understanding of those nonlinear effects this thesis provides
an overlook over two main nonlinear effects which are already used in real-world
applications, and furthermore names several other nonlinear effects.

2.1 Objectives
The goals in this thesis can be divided up into three main parts. One task was it to
automate and improve a setup used for measuring the dispersion of fibers, such that
it can be remotely operated. The second task was to reequip an existing Raman
spectrometer with the necessary control and measurement instruments in order to
be able to measure the Raman signal both from fibers and bulk materials in two
different scattering configurations. Furthermore this setup should also be remotely
operable designed. With the second setup several fibers and bulk materials should
be measured afterwards in order to prove the functionality of the setup and to get
new data useful for future research.

The results of the measurements of both setups should be afterwards used to calcu-
late the influence of several different nonlinear phenomena onto a pulse propagating
through a fiber, and compare the results of the calculation with the result of former
experiments. For this a simulation program should be designed, in order to calculate
the GNLSE while taking the influence of all parameters into account.
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Chapter 3

Literature overview

In this chapter an overview of the literature covering the nonlinear optics phenomena
as far as it relates to supercontinuum generation both in simulations and in real
experiments will be provided, and furthermore an overview of the literature covering
the Raman scattering phenomena both in general and a second deeper look at the
Raman scattering in fibers.

3.1 Raman scattering
One of the first theories towards light scattering (brillouin scattering) was created
already in 1922 by Brillouin [1] predicting the inelastic scattering of light by long
wavelength sound waves. One year later Smekal developed the theory of light
scattering by a system of quantized energy levels [2] which already contained the
characteristics of the phenomena discovered later by Raman [3]. But due to the
relatively small scattering cross section the research in that field did not spread until
the development of the first laser. In 1962 Porto and Wood used a ruby laser for
measuring the Raman spectrum of CCl4 and C6H6 [4]. Since that as one of the first
measurements the Raman research field drastically increased due to the increasing
amount of different lasers resulting in a large amount of different excitation methods.

3.1.1 Raman scattering in fibers
Two of the most important nonlinear processes happening in fibers are self-phase-
modulation [5] and stimulated Raman scattering [6]. While the self-phase-modulation
is used in ultra-short-pulse-lasers by pulse compression [7], is the stimulated Ra-
man scattering mostly used for both frequency shifting of incoming pulses [8] and
supercontinuum generation [9][10]. Nevertheless it also competes with the self-phase
modulation (SPM), and furthermore limits the maximum power in the fiber. Due to
the material properties the Raman response in the fiber looks quite similar to glass,
which will be covered in 4.1.7.
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Chapter 3 Literature overview

3.2 Simulation and generation of a supercontinuum in fibers
When short narrow-band laser pulses enter a nonlinear optical medium, they may
experience spectral broadening and convert into a broadband output, a process known
as supercontinuum generation. The first supercontinuum experiments in optical
fibers were done by (inter alia) Lin and Stolen [11] who produced a supercontinuum
over a spectral range of ≈ 200THz in a standard silica-based fiber. This effect was
attributed to cascaded stimulated Raman scattering (IRS, refer to section 4.1.7)
and self-phase modulation (SPM, refer to section 4.1.4). These studies clarified
the importance of the mutual interaction between Raman scattering, self-phase
modulation as well as the role of cross-phase modulation and various four-wave-
mixing (FWM, refer to section 4.1.6) processes. These processes lead also to a merge
of discrete generated frequencies to produce a smooth spectral output [12]. This
broadening mentioned above was observed for the case of normal GVD pumping.
When pumping in the anomalous GVD regime spectral broadening arises from soliton-
related dynamics. The possibility of soliton propagation in the anomalous GVD
regime was first suggested by [13] in 1973 by analysing the nonlinear Schrödinger
Equation (NLSE), but the lack of ultrashort pulses at wavelengths > 1.3µm made
the verification of this thesis impossible until 1980, when [14] used ≈ 7ps-pulses with
a wavelength at around 1.55µm to excite both a non-broadening stable fundamental
soliton and higher-order solitons. These higher-order solitons are according to [15] and
[16] a particular solution of the NLSE representing a bound state of N fundamental
solitons. By now, the comparison between experiments and numerical simulations
based not only on the NLSE as mentioned above, but also on the generalized nonlinear
Schrödinger equation (GNLSE) opened the way to a better understanding of the
physical background of the supercontinuum generation, as stated in [17]. As a result
a good agreement can be observed between experiments and simulations in selected
cases, such as the single-mode pulse propagation in silica fibers, which is good enough
for this thesis.
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Chapter 4

Theory

4.1 Nonlinear pulse propagation in fibers
In this section the mathematics of a pulse both moving in a fiber and a crystal shall
be covered. While in the first section 4.1.1 the basics will be covered and the general
formula will be derived, the following sections will be used to take a deeper look
into several specific phenomena which happen both in the linear and the non-linear
regime in the material.

4.1.1 Basic mathematic
In order to model any classical electrodynamical phenomenon one has to start with
Maxwell’s equations. These are

∇×E = −∂B

∂t
(4.1)

∇×H = J + ∂D

∂t
(4.2)

∇ ·D = ρf (4.3)
∇ ·B = 0 (4.4)

with

E = electric field, B = magnetic flux intensity
H = magnetic field, J = current density
D = electric displacement field, ρf = free charge density

Furthermore D, E, B and H are coupled to each other by using the electric
polarization P , µ0 as the free space permeability and the magnetization M in the

7



Chapter 4 Theory

following way:

D = ε0E + P (4.5)
= ε0E + ε0χ

(1)E (4.6)
= ε(1 + χ(1))E (4.7)
= εE (4.8)

B = µ0H +M (4.9)
= µH (4.10)

Here χ(1) is the first-order (linear) susceptibility, and 1 + χ(1) = εr is the relative
permitivity. Note that this equation is only valid for lower field strengths, after
higher field strengths will generate also nonlinear effects, which will be covered in
section 4.1.4 and the following sections. When the electric field is large enough, the
formula changes to

D = ε0E + P (4.11)
= ε0(1 + χ(1) + χ(2)E + χ(3)EE + . . .)E (4.12)

Here χ(n), n ∈ {1, 2, . . .} is the nth order susceptibility tensor. Generally this tensor
is time-dependent [18]. n2 will be quite significant as the nonlinear refraction index
later on, and therefore the dependance for it is:

n2 = 3
8n Re(χ(3)

χχχχ) (4.13)

If n2 should be used to calculate this tensor, one can use the formula

χ(3) = 4 · ε0 · c · n2

3 · n2 [19] (4.14)

After optical fibers are in general dielectric waveguides which can neither conduct
electricity nor can be magnetized (for low magnetic and electric field strengths) one
can also set

J = M = 0
By using the Maxwell equation (4.1), applying a ∇× to the first one and mixing it
with the equations (4.2), (4.3) and (4.4), we can eliminate B and D and obtain as a
result:

∇×∇×E = − 1
c2
∂2E

∂t2
− µ0

∂2P

∂t2
(4.15)

Here c is the speed of light, and the relation 1
c2 = µ0ε0 was used.

The polarization P (which is already defined as ε0χE in equation (4.12)) can
separated into two parts, the nonlinear and the linear part.

P (r, t) = P L(r, t) + PNL(r, t) (4.16)

8



4.1 Nonlinear pulse propagation in fibers

Generally the evaluation of P requires a quantum-mechanical approach, but according
to [20] for wavelengths in fibers of around 0.5− 2µm we only have to include the first
and the third order by using a phenomenological approach. This approach can only
used if P and E are far away located from medium resonances (which is the case for
the mentioned wavelengths in optical fibers). Therefore the polarization parts can
be expressed as:

P L(r, t) = ε0

t∫
−∞

χ(1)(t− t′) ·E(r, t′)dt′ (4.17)

PNL(r, t) = ε0

t∫
−∞

dt1

t∫
−∞

dt2

t∫
−∞

dt3

× χ(3)(t− t1, t− t2, t− t3) : E(r, t1)E(r, t2)E(r, t3)

(4.18)

If we put the equations 4.17 and 4.18 together into the equation 4.16 and the result
into the shortened maxwell equation 4.15 we receive a nonlinear equation.

According to [18] we can divide the resulting equation into two different equations
under the assumption that light propagates in a single linearly polarized mode of
the electric field, for example in the basic mode of an optical fiber. One part is
responsible for the properties of the radial field distribution in the specific mode in the
fiber, while the other part is responsible for the longitudinal dynamical development
of the electric field envelope in the fiber in the direction of the propagation of the
light (which will be written as C in the following thesis). These two parts can be
solved separately, and are coupled together by the frequency dependend propagation
constant β(ω) and the effective area Aeff (ω). These two variables are outputs of the
first part, and inputs for the second part of the equation. Aeff is in [18] defined as

Aeff =

(∫
|E(x, y)|2 dx · dy

)2

∫
|E(x, y)|4 dx · dy

(4.19)

4.1.2 The generalized nonlinear schrödinger equation (GNLSE)
For deriving the GNLSE several approaches are made, but in this thesis the approach
of [21] will be used due to its relative simplicity. Here the electric field which is
linearly polarized along x is defined as

E(r, t) = 1
2x {E(x, y, z, t) exp(−iω0t)} (4.20)

Ẽ(x, y, z, ω) = F (x, y, ω)Ã(z, ω − ω0) exp(iβ0z) (4.21)

with Ẽ(x, y, z, ω) as the Fourier transformation of E(x, y, z, t), F (x, y, ω) the trans-
verse modal distribution and Ã(z, ω) as the complex spectral envelope. ω0 is a
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Chapter 4 Theory

reference frequency (often the central frequency of the input pulse) and β0 the wave
number at that frequency. To calculate A(z, t) as the time-domain envelope the
inverse Fourier transformation is used:

A(z, t) = F−1
{
Ã(z, ω − ω0)

}
= 1

2π

∞∫
−∞

Ã(z, ω − ω0) exp (−i(ω − ω0)t) dω
(4.22)

By using the support variable T = t− β1 · z to transform the time variable into a
co-moving frame at the envelope group velocity β−1

1 , we obtain the time-domain
GNLSE for A(z, t):

∂A

∂z
+ α

2A−
∑
k≥2

ik+1

k! βk
∂kA

∂T k︸ ︷︷ ︸
linear propagation effects

= iγ

(
1 + iτshock

∂

∂T

)

×

A(z, T ) ·
∞∫
−∞

R(T ′)
∣∣A(z, T − T ′)

∣∣2 dT ′


︸ ︷︷ ︸
nonlinear propagation effects

(4.23)

with the definition of the shock-term

H(ω) = 1
neff (ω) ·Aeff (ω)

τshock = 1
ω0

+ d

dω
ln [H(ω)] |ω0 [22] (4.24)

The most decisive element of the nonlinear side of the equation is the variable γ. It
describes the nonlinear effects by combining the nonlinear variables in the equation

γ(ω) = ω · n2(ω)
c ·Aeff (ω) (4.25)

Usually one can approximate γ(ω) as γ(ω0) by neglecting the frequency dependance
of γ, but this approach is risky according to [23] after it is possible that pulse
components can shift far away from ω0 during the calculation.
By adding the Raman contribution (which is described in section 4.1.7.3) and

converting it into the frequency domain, we obtain the GNLSE in a more usable
form [24]:

∂Ã′

∂z
= iγ̄(ω) exp

(
−L̂(ω)z

)
F

Ā(z, T )
∞∫
−∞

R(T ′)|Ā(z, T − T ′)|2dT ′
 (4.26)

10



4.1 Nonlinear pulse propagation in fibers

with the frequency dependent nonlinear coefficient γ(ω) defined as

γ̄(ω) = n2 · n0 · ω

c · neff (ω) ·A
1
4
eff (ω)

(4.27)

and

Ā(z, T ) = F−1

 Ã(z, ω)

A
1
4
eff (ω)

 (4.28)

Furthermore we are replacing Ã with

Ã′(z, ω) = Ã(z, ω) exp
(
−L̂(ω)z

)
(4.29)

with L̂ as the linear operator, defined as

L̂(ω) = i (β(ω)− β(ω0)− β1(ω0)[ω − ω0])− α(ω)
2 (4.30)

neff is the frequency dependent effective refraction index, while n0 the linear refractive
index used when determining n2. By replacing some parts of the equation by using

F{C(z, t)} =
[
Aeff (ω)
Aeff (ω0)

]− 1
4

Ã(z, ω) (4.31)

and
γ(ω) = n2n0ω0

cneff (ω)
√
Aeff (ω)Aeff (ω0)

(4.32)

we obtain as „final“ GNLSE

∂C̃

∂z
− i [β(ω)− β(ω0)− β1(ω0)[ω − ω0]] C̃(z, ω) + α(ω)

2 C̃(z, ω)

= iγ(ω)
[
1 + ω − ω0

ω0

]
F

C(z, t)
∞∫
−∞

R(T ′)|C(z, T − T ′)|2dT ′


(4.33)

4.1.3 Dispersion
The first optical effect to be described here is the dispersion of light in materials.
This is the phenomenon when the phase velocity vp is depending on the wavelength
of the light (⇒ vp = vp(λ)). Furthermore it is a linear effect, but nevertheless plays
an important role in influencing the character of nonlinear interactions in the optical
material. When taking a special look at the supercontinuum it is important to

11



Chapter 4 Theory

note that dispersion influences both the phase velocity and the group velocity in
the propagation of the signal. Therefore phasematching plays a significant role in
the fiber when determining nonlinear frequency conversion processes, according to
[25], and so both linear and nonlinear contributions to the phase mismatch must be
considered. Due to the close relation with section 5.2 the dispersion in fibers will be
covered separately in section 4.1.3.1.

4.1.3.1 Dispersion in fibers

Usually a fiber consists out of three materials with a different refraction
coefficient, the core with the radius a, the cladding with the radius b
and the jacket/buffer with the radius c (schematic shown in figure 4.1).

Figure 4.1: Fiber schematic

While the core and the cladding
are responsible for the light guid-
ance, the jacket is only for protec-
tion purposes. Therefore only the
radius and the refraction index of
the core (n1(ω)) and the cladding
(n2(ω)) will be taken in considera-
tion. For light guidance purpose the
refraction index of the cladding has
to be lower than the refraction index
of the core (n2 < n1) in SIF (step-
index fibers). Except the SIF there
exists also some other fiber types,
such as the graded-index fibers and
the photonic crystal fibers. In this

master thesis only SIF will be described. The values mentioned above (radii and
refraction indices) define the typical SIF by the numeric aperture

NA =
√
n2

1 − n2
2 ≈ n1

√
2− 2n2

n1
(4.34)

and the normalized frequency

V = 2π · a
λ
·NA [26] (4.35)

The numerical aperture determines the maximum angle of incidence of the incoming
light beam the laser will support.

αmax = arcsin(NA) (4.36)

Below V ≈ 2.045 it can be shown that the fiber only supports a single mode for a
specific a, λ and NA according to [27]. In [27] it is also stated that the dispersion

12



4.1 Nonlinear pulse propagation in fibers

properties of a fiber is typically divided into two contributions, one contribution
from the waveguide structure, and the second contribution from the material itself.
Typically the refraction index of a fiber is given by the following formula (eq. (4.37))
called „Sellmeier-equation“. In this equation Aj and aj are the so-called „Sellmeier-
coefficients“[27]:

n2(λ) = 1 +
∑
j

Aj · λ2

λ2 − a2
j

(4.37)

With the refraction index from equation 4.37 one can calculate the propagation
constant β(λ):

neff (λ) = 2π · β(λ)
λ

⇒ β(λ) = neff (λ) · λ
2π

(4.38)

For getting the GVD(= β2) one has to taylor-expand β(λ) around a specific λ0 resp.
ω0:

β(ω) = β(ω0) +
∞∑
i=1

1
i!
∂iβ

∂ωi

∣∣∣∣∣
ω=ω0

(ω − ω0)i (4.39)

While β2 as the second derivative of β represents the GVD and therefore the most
important dispersion value, β1 respective the first derivative of β is the inverse of
the group velocity:

β1 = 1
vg

(4.40)

Furtermore the dispersion of a fiber can be expressed as the dispersion parameter D,
with

D = −2π · β2 · c
λ2 = − c

λ

∂2neff
∂λ2 (4.41)

Also an noticable value of the fiber is the ZDW, where β2(ω) = D(ω) = 0. This
marks the boundary to the soliton regime (see also 4.1.5). With D > 0 resp. β2 < 0
the fiber is in the anomalous mode, while with D < 0 resp. β2 > 0 the fiber is in the
normal dispersion mode.

4.1.4 Self-phase modulation
The second effect to describe is the self-phase modulation (SPM). This effect describes
the modification of the phase of a pulse because of its own propagation through the
material due to the refractive index n2. Its phase can be obtained by

Φ =
(
n+ n2 · |E|2

)
k0 · L (4.42)

13
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with k0 = 2π
λ0
, L as the fiber length, and n2 as the nonlinear refraction index (which

is derived in 4.13). In the GNLSE this effect is covered by the part
∂zA = iγ|A|2A (4.43)

This equation can be obtained from 4.23 by neglecting the wavelength dependence
of neff and Aeff , the delayed Raman response and the optical shock. One solution
to equation 4.43 is

A(z, t) = A(0, t) · exp
(
iγ|A(0, t)|2z

)
(4.44)

Here one can clearly see that the pulse itself influences the resulting phase shape,
while the power distribution stays the same. This result is known as „chirp“, where
the frequency at the beginning of the pulse is reduced, while the frequency at the
end of the pulse is increased.
This effect can also used for spectral narrowing [28], which will be used in a

real-world application later in this thesis (chapter 7). To calculate this effect, one
has to start with the intensity per time:

I(t) = I0sech
(
t

τ

)
(4.45)

Furthermore the refraction index is:
n = n0 + n2 · I(t) (4.46)

When the pulse is moving through the fiber, the intensity changes, and therefore the
refraction index:

dn

dt
= dn0

dt
+ dn2

dt
· I(t) + dI(t)

dt
· n2

= dI(t)
dt
· n2

= −
tanh

(
t
τ

)
· sech

(
t
τ

)
τ

· n2

(4.47)

The change in the refraction index also changes the phase of the light:
ϕ(t) = ω0 · t− k · z

= ω0 · t−
2π
λ0
· n(I) · L

(4.48)

With this result, we get the current frequency ω(t) by deriving ϕ(t):
dϕ(t)
dt

= ω(t)

= ω0 + 2π
λ0
· L · dn(t)

dt

= ω0 + 2π
λ0
· L · −

tanh
(
t
τ

)
· sech

(
t
τ

)
τ

· n2

(4.49)
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4.1 Nonlinear pulse propagation in fibers

This frequency shift is displayed in fig. 4.2

−4 −2 0 2 4

−2

0

2

Time

ω
(t

)
Frequency shift of eq. (4.49) for n2 > 0

Figure 4.2: Frequency shift for a sech-pulse, function from eq. (4.49)

In this figure one can see that (if n2 > 0) the lower frequencies accumulate at
the front of the pulse, while the higher frequencies remain at the rear part of the
pulse. Thus, if a soliton should obtained, negative group velocity dispersion must be
applied, which delays the lower frequencies and accelerates the higher frequencies of
the pulse. This results in a soliton (see also section 4.1.5).

4.1.5 Solitons
In the anomalous regime of an optical fiber the induced chirps of the incoming pulse
can combine to form either a stable or an oscillating soliton [25]. Solitons are an
analytical solution to the GNLSE (4.26 or 4.23) without higher order dispersion, the
optical shock term and the Raman term. This results in the reduced form of the
GNLSE:

∂zA = −iβ2
2
∂2A

∂t2
+ iγ|A|2A (4.50)

One of the possible solutions of this formula is

A(z, t) = 2
√
P0sech

(
t

t0

)
exp

(
−i |β2|z

2t20

)
(4.51)
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The (in this case) relevant Fourier transformation of this result is

Ã(z, ω) = πt0
2
√
P0sech

(
ωπt0

2

)
exp

(
−i |β2|2z

2t20

)
(4.52)

This result of the Fourier transformation is only valid if the peak power P0 and the
pulse width t0 correlate such that

P0 = |β2|
(γt0)2

This result and the transformation are obtained from [29]. The soliton which belongs
to the resulting formula 4.51 is one of the infinite possible solutions characterized
by the soliton order N . N can be calculated by using the characteristic dispersive
length scale

LD = t20
|β2|

(4.53)

and the characteristic nonlinear length scale

LNL = 1
γP0

(4.54)

by the formula

N =
√

LD
LNL

=
√
γP0t20
|β2|

=
√

n2ω

cAeff (ω)
P0t20
|β2|

(4.55)

The soliton with the order N = 1 is called the fundamental soliton.

4.1.6 Four-Wave Mixing (FWM)
When the first supercontinuum was generated, the process of FWM was the process
which contributed the most to the generation [30]. In this process two additional
light frequencies are created by a refractive index modulation in the used material.
This process is either called „non-degenerate four-wave mixing“ if the effect creates
four different light frequencies at the output of the fiber, or „degenerate four-wave
mixing“ if two frequencies of the light coincide. The two new frequencies which are
generated are (for two different input frequencies ν1 and ν2):

ν3 = ν1 − (ν2 − ν1) = 2ν1 − ν2 (4.56)

and
ν4 = ν2 − (ν1 − ν2) = 2ν2 − ν1 (4.57)

Without initial seeding FWM corresponds to an instability of the propagating CW
pump and the growth from noise of sidebands symmetric in frequency about the
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4.1 Nonlinear pulse propagation in fibers

pump (i.e. only three resulting frequencies). The high-frequency band is called anti-
Stokes band, while the low-frequency band is called Stokes-band. If there is already
a signal at either ν3 or ν4, this signal is amplified. This effect is called „parametric
amplification“[31]. Another application of the FWM is the frequency-shifting of light
[32]. Assuming an undepleted pump of power P0, the growth of the sidebands is
exponential with the amplitude gain g, given by

g =
[
(γ · P0)2 −

(
κ

2

)2
] 1

2

[25] (4.58)

For single mode fibers the phase mismatch κ is defined by

κ = 2 · γ · P0 + 2
∞∑
m=1

(
β2·m

(2 ·m)!

)
· Ω2·m [25] (4.59)

The maximum growth rate is at frequencies satisfying κ = 0 with an amplitude gain
of g = γ · P0. This leads to a temporal modulation in the time domain, which is
referred to as a modulation instability (MI). That means that FWM and MI are
describing the same phenomenon, but in different domains. According to [17] a
typical feature of degenerate FWM is that if the pump light is in the anomalous
dispersion regime of the pumped material, the gain bands are wide and continuously
connected to the pump frequency, while they are separated from the pump frequency
and narrow when the pump light is in the normal dispersion regime.

4.1.7 Raman Scattering
Raman scattering is usually associated with the (inelastic) scattering of light by
optical phonons. Sometimes also long-wave acoustic phonons and acoustic magnons,
which are also referred as Brillouin scattering. Inelastic scattering processes are
two-photon events that involve both the annihilation of the incoming photon and the
creation of the scattered photon simultaneously [33]. If the frequency of the scattered
phonon (defined as ωs) is smaller than the frequency of the incoming phonon (defined
as ωi), the energy lost

∆EP = |~(ωi − ωs)| (4.60)

is added to the material. This process is called Stokes-process. If energy is added to
the scattered phonon, i.e. ωs > ωi the process is called Anti-Stokes-process. This
process is heavily depending on the temperature of the scattering material, assuming
it is in thermal equilibrium, after these Anti-Stokes-processes can only occur if the
material is not in the ground state and is therefore able to „emit“ energy. The
process described above is also valid if more than one phonon is emitted, leading
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to higher-order Raman scattering. To describe that situation mathematically the
formula 4.60 has to be changed to

∆EG = |~(ωi − ωs)| (4.61)

by using the definition of EG as

∆EG =
∑
N

∆EPN (4.62)

with N the amount of generated phonons. Formula 4.61 is also valid for both the
Stokes- and Anti-Stokes-process. The Raman scattering process has to follow the
conservation laws for energy and momentum. This will be proven first in a crystal,
and afterwards extended to both glass and fiber materials.
First we consider an incoming monochromatic light beam with the frequency ωi

and the propagation vector |ki| = ωi · n(ωi) · 1
c with n(ωi) as the propagation index

and c as the speed of light. Furthermore we define the scattering frequency as

ω = ωi − ωs (4.63)

and the scattering wave vector as

k = ki − ks (4.64)

According to [34] the elementary excitations can be labeled by the wave vector q, also
known as the crystal momentum. These modes can be represented by a dispersion
relation that connects a frequency ωq to each value of q. For first-order processes only
one elementary excitation participates in the process, and thereby the momentum
conservation directly translates into the requirement that the scattering wave vector
equals the excitation wave vector:

q = k (4.65)

The same process leads to
ω = ωq (4.66)

For higher-order processes equation 4.65 has to be written as

k =
∑
i

qi (4.67)

This wave vector conservation as stated in 4.65 and 4.65 is not possible to be written
in this form anymore if the scattering material has no translation symmetry, even if
the linear momentum is still conserved. That means that the Bloch theorem does
not apply anymore, and therefore the wave vectors are not good quantum numbers
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4.1 Nonlinear pulse propagation in fibers

for labeling modes [34]. This applies both for crystals with a small imperfection as
well as alloys, fibers and glasses (amorphous solids). While the Raman spectrum of
crystals in general consists out of one or several sharp peaks, the Raman spectrum of
glasses or other amorphous materials consists out of several broad peaks due to the
wider variation of possible vibrational excitations. This also leads to a specific peak
near the central frequency, called the Boson Peak. Until today the origin of the
boson peak remains not completely solved [35], but there are several explanations
for it. On the one hand, there is the possibility that the modes giving rise to the
boson peak are (quasi)-localized and distinct from sound waves [36] and arise from
peculiarities of the interatomic forces in amorphous materials. On the other hand
the density of states of the amorphous material leading to the boson peak could only
be the modification of the crystalline density of states due to the random fluctuation
of force constants [37]. An example of this broadening can be seen in fig. 4.3.

Figure 4.3: Comparison of Raman spectra between glass and crystals, [38]

Additionally Raman scattering can be separated into two domains, the spontaneous
Raman scattering (SRS) and the induced Raman scattering (IRS). SRS is rather the
„normal“ Raman scattering. It describes the process if an incoming photon excites a
phonon in the material, and thereby its energy gets lowered. This process happens
randomly, and is non-determinable (Refer for this also to 4.1.7.1). The IRS is even
more random, after it is based on precedent SRS-scattering of atoms or molecules. A
further look in this area will be taken in section 4.1.7.2.
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4.1.7.1 Stokes- and Anti-Stokes-Scattering

In inelastic light scattering processes a quantum of the incident radiation is anihilated
and a quantum of the scattered radiation is created (refer for that also to fig. 4.4)
while emitting a phonon. The scattering might occur randomly depending on the
scattering cross section of the sample material. The incoming light excites molecules
or atoms in the solid. This combined with the polarization of the light results in
the induced polarization P . This polarization is represented by a modulation of the
electric susceptibility of the sample. Thus we can introduce a modulated Raman
susceptibility δχij :

Pi(ωS) =
∑
j

δχijEj(ωL) [39] (4.68)

with E(ωL) the electric field of the incoming light. This susceptibility δχij influences
the Raman intensity by

I(ωL, ωS ,k) = |ês · δχij · êL|2 [34] (4.69)

with ên as the unit polarization vectors. Furthermore, δχij can be written as

δχij =
∑
m

R
(m)
ij Qm(0) +

∑
mn,qp

R
(mn)
ij Qm(q)Qn(p) + . . . [40] (4.70)

with Qj as the phonon coordinate, R(m)
ij as the first-order Raman tensor and R(mn)

ij

as the second-order Raman tensor. The first-order Raman tensor represents the case
for scattering with only one phonon, while the second-order tensor represents the
case for scattering with two phonons. Now, with eq. (4.61) and eq. (4.70) we can
calculate the scattering intensity for both the Stokes and anti-Stokes process:

Iij ∝ |R(m)
ij |

2|〈n+ 1|Qm|n〉|2 (4.71)

with the Bose factor
n(ω, T ) = 1

exp
(

~·ω
kB ·T

)
− 1

(4.72)

To add a phonon to the crystal the matrix element is

〈n|Qm|n+ 1〉 ≈ (n+ 1)
1
2 [41] (4.73)

and to remove a photon the element is

〈n|Qm|n− 1〉 ≈ 2√n [41] (4.74)

Thus we get the intensity ratio between Stokes and anti-Stokes:
IS
IAS

= exp
( ~ · ω
kB · T

)
(4.75)
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Figure 4.4: Processes in Raman scattering shown as Feynman diagram, [39]

As stated above and in eq. (4.68) the electric susceptibility is mostly dependant
on the coupling of the light to the electric moment of the electronic excitations [39].
This process is only visible if the incident light is resonant with lattice vibration
excitations, which is particularly described in [39], and thus it will not be repeated
in this thesis.

4.1.7.2 Induced Raman Scattering

Compared to the spontaneous Raman the induced Raman scattering only happens on
very high power levels, due to the necessity of having already excited Stokes photons
which are still trapped in the material. Those Raman photons can then be used to
amplify a second signal at their wavelength. Those photons can also result from an
external pumping light, i.e. if the material is pumped by a laser, and then a signal
laser gets injected. This property makes the induced Raman scattering a valuable
effect for being created in fiber amplifiers. If this amplification happens in glasses or
fibers, the affected frequencies are significantly broader than in crystals, resulting in
a possible broad-band amplifier.

21



Chapter 4 Theory

4.1.7.3 Contribution of Raman scattering in the GNLSE

The Raman scattering contributes to the general light modulation both immediately
and delayed. The immediate response is the electronic response of the material to
the incoming light, arising from the nonresonant virtual electronic transistions with
a timescale of a femtosecond or less [42], while the delayed response is the nuclear
response of the material, and the timescale is largely given by the phonon lifetime
(approximately 100 femtoseconds) [42]. In general the contribution is therefore
formulated as

R(T ) = (1− fR) δ(t)︸︷︷︸
electronic
response

+fR hR(T )︸ ︷︷ ︸
nuclear
response

(4.76)

In this equation the first term is the immediate response function resulting from the
Kerr effect [43], and the second term is the delayed Raman response function. fR is
dependant on which delayed response function is used. During my research I found
three different response functions in [42], [44] and [19]. In this model the function
from [44] is used, with fR set to 0.18. The form of the Raman response function
hR(T ) is also dependant on the material. The two more noticeable functions for the
Raman response are

• „Blow-Wood“, [42]:

hR(t) = τ2
1 + τ2

2
τ1τ2

2
exp

(
− t

τ2

)
sin
(
t

τ1

)
(4.77)

with τ1 = 12.2fs and τ2 = 32fs [43][44]

• „Lin-Aggrawal“, [44]:

hR(t) = (1− fR) δ(τ) + fR [(fa + fb)ha(τ) + fbhb(τ)] (4.78)

with

τ1 = 12.2fs
τ2 = 32fs
τb = 96fs
fa = 0.75
fb = 0.21
fc = 0.04

ha(τ) = τ1(τ−2
1 + τ−2

2 ) exp
(
− τ
τ2

)
sin
(
τ

τ1

)
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hb(τ) =
[

(2τb − τ)
τ2
b

]
exp

(
− τ
τb

)

• „Hollenbeck“, [19] (which will be used in section 6.2)

hR(t) =
1∑
i=1

3 A
′
i

ωv,i
· exp (−γi · t) · exp

(
−Γ2

i · t2

4

)
sin (ωv,i · t) ·Θ(t) (4.79)

with
Θ(x) =

{
0 ∀x < 0
1 ∀x ≥ 0

and

A
′
i = Ai · ωv,i

Γi = π · c ·Gi
γi = π · c · Li

ωv,i = 2 · π · c · Pi

and Ai, Gi, Li and Pi taken from table 4.1.

i Pi([cm−1]) Ai Gi([cm−1]) Li([cm−1])
1 56.25 1 52.10 17.37
2 100 11.40 110.42 38.81
3 231.25 36.67 175 58.33
4 362.5 67.67 162.50 54.17
5 463 74 135.33 45.11
6 497 4.5 24.50 8.17
7 611.50 6.8 41.50 13.83
8 691.67 4.6 155 51.67
9 793.67 4.2 59.50 19.83
10 835.5 4.5 64.3 21.43
11 930 2.70 150 50
12 1080 3.1 91.00 30.33
13 1215 3 160 53.33

Table 4.1: Parameters for the Hollenbeck Raman response approximation
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One possibility to determine the function is that the Raman gain function and the
Raman response function are linked by

gr(∆ω) = ω0
cnω0

fRχ
(3)
χχχχ Im

(
h̃r(δω)

)
[19] (4.80)

This function will also be used later during the actual Raman gain measurements in
section 6.2. For silica fibers the best approximation for hR is the function from Blow-
Wood, displayed in 4.77. To compare the functions graphically they are displayed in
fig. 4.5.
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Figure 4.5: Comparison of the different Raman approximation functions
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In order to calculate those functions, one has to measure the Raman gain of
the material to be measured. With this measurement one can obtain the Raman
response function by using eq. (4.80). Here h̃R is the Fourier transformation of the
response functions mentioned above, n0 the refraction index and χ(3) the third-order
susceptibility of the material. The exact calculation of the Raman response function
by using a measured signal will be done in section 6.2. For getting the Raman
response function from the Raman gain function, one has to invert eq. (4.80):

hR(τ) = 4 · n(ωP ) · c
3ωP · χ(3) · fR

∞∫
−∞

gR(Ω)e−iΩ·τdΩ [45] (4.81)

4.2 Numerical simulation methods
In general there are two approaches to solve the GNLSE numerically. The first
approach is the Split-Step-Method which is based on dividing the GNLSE into two
parts, the linear part and the nonlinear part (further explained in section 4.2.2, [46],
[47] and [48]). This approach was more complicated to implement, thus the second
possible approach using an ODE-solver was mainly used. This approach will be
explained in part 4.2.1. The advantages and disadvantages of both approaches will
be further explained in section 6.3.4.

4.2.1 ODE-solving
The way to solve the GNLSE which is used in this thesis is to use an ODE-solver,
implemented in several programming languages. For this thesis the ODE-solver
from the scipy-package in python was used, while the algorithm itself was based
on a proposal written in matlab [49]. For being able to solve the GNLSE with an
ODE-solver, it had to be rearranged:

∂Ã

∂z
= i

γω

ω0
exp

(
−L̂z

)
F

A(z, t)
∞∫
−∞

R(t′)|A(z, t− t′)|2dt′
 (4.82)

In this formula the frequency dependency of n2, Aeff and n2 compared to 4.33 was
ignored.Furthermore to be able to solve the integral

∞∫
−∞

R(t′)|A(z, t− t′)|2dt′
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it had to be reformulated. After the Raman formula 4.76 with the delayed response
from [44] will be used (shown in equation 4.77), the equation can be rewritten as:

∞∫
−∞

R(t′)|A(z, t− t′)|2dt′ =
∞∫
−∞

[
(1− fR)δ(t′) + fRhR(t′)

]
|A(z, t− t′)|2dt′

= (1− fR)|A(z, t)|2︸ ︷︷ ︸
Kerr-effect

+ fR

∞∫
−∞

hR(t′)|A(z, t− t′)|2dt′

︸ ︷︷ ︸
stimulated Raman scattering

The second part of the result is a convolution integral which can be calculated
according to the convolution theorem by using both the Fourier- and inverse Fourier-
transformation. This results in (according to [25])

∞∫
−∞

hR(t′)|A(z, t− t′)|2dt′ = ∆tF−1
[
F(hR(t))F

(
|A(z, t)|2

)]
(4.83)

Therefore one can write the integral mentioned above as
∞∫
−∞

R(t′)|A(z, t− t′)|2dt′ = (1− fR)|A(z, t)|2+

fR∆tF−1
[
F (hR(t))F

(
|A(z, t)|2

)] (4.84)

Thus the implementable rewritten formula for equation 4.82 is

∂Ã

∂z
= i

γω

ω0
exp

(
−L̂z

)
·

F
{
A(z, t) ·

(
(1− fR)|A(z, t)|2 + fR∆tF−1

[
F (hR(t))F

(
|A(z, t)|2

)])} (4.85)

This rewritten formula is implemented in python in section 6.3.1.

4.2.2 Split-Step solving approach
A second way to solve the GNLSE is splitting it up into the linear part and the
nonlinear part. This approach is called the „split-step“ approach. Written in formula
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it is:

∂Ã′

∂z
= iγ̄(ω) exp

(
−L̂(ω)z

)
·

F

Ā(z, T )
∞∫
−∞

R(T ′)|Ā(z, T − T ′)|2dT ′
 from eq. (4.26)

∂Ã

∂z
=
{

DA+ NA ∀t ∈ R, ∀z ∈ L\{0}
a0 ∀t ∈ R, z = 0 (4.86)

D = −1
2α−

∑
n=2

βn
in−1

n! ∂
n
t (4.87)

N = −iγ
(

1 + 1
ω0
∂t

) [
(1− fR)|A|2 + fR

(
hR ∗ |A|2

)]
(4.88)

This equation has to be solved step-wise and numerically. There are several different
possibilities to do that, for example the symmetric split-step method [50] or the
fourth-order Runge-Kutta in the Interaction Picture (RK4IP) method [51]. While
the first method approximates the next step with

A(z + h, T ) = exp
(
h

2 D̂
)
· exp

 z+h∫
z

N̂dz′
 · exp

(
h

2 D̂
)
A(z, t) (4.89)

≈ exp
(
h

2 D̂
)
· exp

(
h

2 N̂
)
· exp

(
h

2 D̂
)
A(z, t) +O(h) (4.90)

the second one modifies the well-known Runge-Kutta-4 method:

AI = exp
(
h

2 D̂
)
A (4.91)

k1 = exp
(
h

2 D̂
) [
hN̂ (A)

]
A (4.92)

k2 = hN̂
(
AI + k1

2

)[
AI + k1

2

]
(4.93)

k3 = hN̂
(
AI + k2

2

)[
AI + k2

2

]
(4.94)

k4 = hN̂
(

exp
(
h

2 D̂
)

(AI + k3)
)
· exp

(
h

2 D̂
)

[AI + k3] (4.95)

A(z + h, T ) = exp
(
h

2 D̂
)[

AI + k1
6 + k2

3 + k3
3

]
+ k4

6 +O(h4) (4.96)
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In order to calculate D̂ and N̂ in a way that a computer can calculate them, one can
use the Fourier transformation. This leads to ([52]):

exp
(
h

2 D̂
)
A = F−1

[
Â · exp

(
d̂ · h2

)]
(4.97)

Â = F [A] (4.98)

d̂ = −1
2α+ i ·

∑
n=2

βn
n! (2πν)n (4.99)

and

N̂ = −iγ
(

1 + 1
ω0
∂t

)
·[

(1− fR)|A|2 + fR
(
hR ∗ |A|2

)]
from eq. (4.88)

hR ∗ |A|2 = F−1
[
ĥR · |Â|2

]
(4.100)

−iγ
(

1 + 1
ω0
∂t

)
= F−1

[
iγ

(
1− i · ω

ω0

)]
(4.101)

⇒

N̂ = F−1
[
iγ

(
1− i · ω

ω0

)
·

F
[
(1− fR)A · |A|2 + fR ·A · F−1

[
ĥR · |Â|2

]]]
(4.102)

This method of calculation makes the conversion into other programming languages
significantly easier, as one does not have to rely on the existence of an ODE-solver in
this programming language (which on the other hand makes the initial implementation
in e.g. python or matlab easier). Further advantages and disadvantages of both
approaches are discussed in section 6.3.

4.3 Summary
In this part a short overview over the different nonlinear and linear effects materials
due to the influence of light was given including their derivation from the basic
Maxwell laws (section 4.1.1), beginning from dispersion (section 4.1.3) with a special
part dedicated to fibers (section 4.1.3.1) and SPM (section 4.1.4) to Raman scat-
tering (section 4.1.7.3) including a calculation of different Raman effects and their
contribution. In order to combine those effects in one formula the GNLSE and its
derivation was described (section 4.1.2). Finally two different ways of solving the
GNLSE numerically are proposed and shortly explained in theory.

28



Chapter 5

Experimental Setup

For being able to measure the Raman shift of a glas fiber or a crystal we had to use
a Raman spectrometer which was out of work for at least around eigth years. This
spectrometer was controlled by a computer built in 1987 and a custom-build ISA
extension card in the computer. The parts which were controlled in the spectrometer
where on the one hand the spectrometer itself, i.e. the movement of the gratings and
the current position of the gratings and on the other hand the controlling device for
the photo multiplier tube.

5.1 Raman spectrometer
The Raman spectrometer which has been used is the spectrometer 14018 from SPEX
industries. Its basic schematic is shown in figure 5.1.

Figure 5.1: Spectrometer scheme
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There you can see that it usually operates with the gratings „G1“ and „G2“ while
directing the light beam via the mirrors „M1“ to „M7“ and controlling the beam
intensity with the slit width of the slits „S1“ to „S4“. The full data sheet is in the
appendix A.4.1. The detector used was the photomultiplier tube C31034 from RCA
electronic components. This photomultiplier should be sensitive in a broad spectral
range from 200nm up to 900nm, according to the data sheet in the appendix (A.4.2).

5.1.1 Redesign of the used hardware
Unfortunately we found out that the computer was not able to fully boot anymore
because of a failed hard disk. Therefore we had to design a new control computer.
By reverse-engineering of the old ISA extension card (refer also to fig. A.17) we
could find out how the external devices were connected to the computer, and by
rescuing the pascal control programs we could see how they were controlled. After
it was extremely expensive to get a new hard disk for the old control pc without
knowing if only this hard disk is broken, we decided to build the pc again from
scratch. For that we are using a BeagleBone Black, a credit-card sized ARM-PC
with Debian Linux as operating system. The advantage of this small system is
that it has 65 GPIO-connections [53] which can be used for the communication
with external devices. Furthermore there is the possibility to attach special „capes“
to the PC. These capes are extension boards which enhance the properties of the
BeagleBone Black, for example by enabling it to control stepper motors or to add
even more GPIO ports. Finally, it can be controlled either by connecting a keyboard
and a monitor to it or remotely via a LAN connection. These properties made it
quite suitable for our purpose. For enabling the BeagleBone Black to control the
stepper motor inside of the spectrometer, we used an already available stepper motor
controller which had already been used for controlling the stepper motor based on
the controller BD300 from Phytron [54]. The controlling of the motor therefore only
needed an input of the steps and the direction, everything else was set.

5.1.1.1 First cape

After the BeagleBone Black only supports 3.3V as I\O-voltage, we had to use voltage
level converters from 3.3V to 5V. These voltage converters furthermore where used
as a basic protection of the BeagleBoard, after they are easier to replace in case of a
short circuit or a voltage overload. The schematic can be seen in the appendix A.2.1
(see figure A.16). The main part of the PCB is shown in figure 5.2.
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STP_CTRL

STP_DIR

To BeagleBone To spectrometer

Figure 5.2: Main part of the control cape

The two voltage translators shown in this picture are the onliest parts which are
important at this cape, every other connection is not used (due to both unnecessarity
and failure of the potential input devices). With this cape it could be confirmed that
the stepper motor is still working, and that the gratings are still moving. Furthermore
it could be tested (with the help of a small adjusting laser, see also 5.1.4) if the PMT
was still working. Unfortunately one result was that either the DPC, which is used
for controlling the PMT and counting the incoming photons, was defective or it was
not properly operated (due to a missing manual). Therefore the DPC was only used
as a high voltage generator, which was used for powering the PMT, but it did not
print any BCD encoded values from the digital output of the DPC. Furthermore the
first cape used pins which are usually used for the HDMI-output, therefore blocking
the possibility of using a separate monitor. In order to solve that the LAN-port was
used for communication. To be able to use the monitor output again a second cape
was designed, while continuing with the measurements and tests with the first cape.

5.1.1.2 Second cape

The design of the second cape was done while doing the test runs with the first
cape, born from the neccessity to enable the monitor output again. Therefore it was
decided to use the I2C-output of the beaglebone and use a multiplexer for controlling
the stepper motor and the other remote devices. While designing this cape the
problem of the malfunctioning DPC emerged, and therefore the decision was made
to drop the cape while still being in the design phase in favor of a complete redesign
from scratch.

5.1.1.3 Third cape

After connecting an oscilloscope to the output of the PMT we found out that we
could measure the photon count if we use an A/D-converter, without having to
rely on the counting of the DPC. Based on the DPC a 12−bit-A/D-converter was
used for this purpose. Furthermore two additional boards were designed in order
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to replace the original step-motor-controller and the current cape. The schematics
for all of these controllers are shown in the appendix (section A.2.2, A.2.3 and
A.2.4). Each board is controlled by an AtXMega 16A4U-AU, a small µ-controller,
including a 12-bit-A/D-converter and two USART-ports. These ports are used
for communication between the subcontrollers and the main (Cape)-controller by
using the RS485-standard. This standard ensures the data integrity over a longer
distance. The software for the µ-controller has been written in a mixture of C and
C++. The listing of the software can be found in appendix A.2.1, appendix A.2.4,
appendix A.2.2 and appendix A.2.3. Unfortunately due to several hardware failures
it was impossible to test the newly designed controllers in joint operations (only
parts of them are tested), thus all operations were done either manually (such as
reading the current count/mV-values) or via the initially designed cape.

5.1.2 Redesign of the used software
To control the Beaglebone and with it the spectrometer a software was designed
based on QT5 and C++. It supports both local and remote control abilities, i.e. its
GUI can be used either directly (either via the cape from A.2.1 or the cape from
A.2.2) on the Beaglebone if it is connected to a monitor, or via LAN-access. If
used as a remote controller, it opens a SSH-connection to the Beaglebone, starts the
internal controller of the Beaglebone, and connects to it afterwards via TCP. It uses
in the current version three data lines from the Beaglebone, for movement updates,
for position updates and for sensor updates. The program itself has one connection
to the Beaglebone, using it for general commands such as movement commands and
sensor updates, which will be sent back via one of the three mentioned channels.
Furthermore it is able to plot the aquired data and store it together with the scan
data. Additionally it can be used for simple movement of the spectrometer and the
manual aquisition of a scan. Its source code is shown in appendix A.2.2 The basic
layout of the program is shown in figure 5.3. Here it has to be noticed that every
column represents a single thread, i.e. in total the program is running 13 threads
in parallel. This leads to a decreased workload for each thread and an increased
responsiveness. In addition the whole program is concepted as a modular program,
i.e. every part can easily removed and replaced just by connecting the correct signals.
Those features also make it easier to create a new frontend for the control software,
or to add new modules, which was the reason for choosing this architecture.
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MAIN main()-function
MW Function MainWindow(), including the GUI
SSH SSH-Controller
SSHC SSH-Worker, moving all SSH-actions to another thread

SPC Spectrometer controller, provides a virtual spectrometer to
the main program, hides all further communications

SP Function for spectrometer itself, if executed directly on the BBB.
Also executed in separate thread

TXC Controller for the LAN data transmission
TX TX-Worker, moving all LAN functionality to another thread

I2C I2C-connector, converts the signals gotten via I2C
to data for the spectrometer. Currently not implemented

MS Masterserver-Controller, is used for sending commands via LAN
S1 Server, moves all server functionality to another thread

TXM1 Client 1 (C1) controller
TXM2 Client 2 (C2) controller
TXM3 Client 3 (C3) controller
TX1 Moves the C1-control to a separate thread
TX2 Moves the C2-control to a separate thread
TX3 Moves the C3-control to a separate thread
C1 Client 1, receives general data from the BBB
C2 Client 2, receives movement data from the BBB
C3 Client 3, receives movement data from the BBB

DPCM Controls the incoming data from the DPC,
delivered by the DPC-Worker (DPC)

PCM Controls the polarizer settings via the polarizer worker (PC)

SCM
Controls a scan directly, i.e. is called when a scan should be done.

Is responsible for calculations and executions of the scan.
Works via the scan worker (SC)

STCM Stepper controller, controls the movement
of the stepper motor via the worker (STC)

DPC DPC-worker in separate thread
PC Polarizer worker in separate thread
SC Scanner worker in separate thread
STC Stepper motor controller in separate thread

Table 5.1: Symbol explanation to figure 5.3
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5.1.3 Scattering geometries
Three different scattering geometries were used in this setup. On the one hand
(for bulk materials) a simple 90◦- or 180◦-scattering geometry was used (displayed
in fig. 5.4a and fig. 5.4b). Furthermore a simple collection geometry was used for
collecting the light coming from the fiber, which is displayed in fig. 5.4c.

To spectrometer

Focusing lens
Collecting lens

From laser

Sample

(a) Scattering geometry for a scattering angle
of 90◦

from laser

Beamsplitter

to Spectrometer

Sample

Collecting and focusing lens

(b) Scattering geometry for a scattering angle
of 180◦

to Spectrometer

Collecting and focusing lens

Fiber

(c) Scattering geometry for a parallel fiber

Figure 5.4: Used scattering geometries

While the third one (fig. 5.4c) exclusively was used for fibers, the first one (fig. 5.4a)
was used for calibration with GSGG:Cr (compare to fig. 5.6) and for the measurements
with diamond (compare to fig. 5.8). The second scattering geometry was used both
for silicon (compare to fig. 5.9) and for testing on fibers. For those tests the fibers
were placed instead of the sample, and the beam was coupled into the fiber core. The
expectation was to get the back-scattered Raman and Rayleigh light out of the fiber
and collect it with the collecting lens, thus omitting the stronger pump light, but
the signal was to weak compared to the background noise. Therefore for fibers only
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the third geometry was used, with the big disadvantage of having the main central
peak in the spectrum, and the inability to measure fibers which are not transparent
in the visible spectrum.

5.1.4 Calibration
For being able to recalibrate the spectrometer and realign the main laser, a alignment
system was implemented consisting of a small He-Ne-laser with a nominal output
power of 10mW at 632nm which has been coupled into the beam direction of the
main laser. The main laser itself is an argon laser with a variable output power
between 20mW and 10W, lasing at 514nm from Lexel laser, model 95. This setup
has been also used for later test measurements of elements to show that the samples
to be tested are in the correct position, and to position the guiding optics. The
optics used for guiding the laser beam is shown in picture 5.5

Figure 5.5: Laser guidance optics

This setup combined the two used lasers and allowed the user both to couple the
light into a fiber with the coupling stage in the middle and direct it directly to the
sample platform by flipping the mirror marked with M1. The mirror marked with
M2 can be used to use either the red beam or the green beam, depending on its
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position. Several tests with different materials where done, which are described in
section 5.1.5. In order to calibrate the instrument, first the laser guidance optics was
calibrated such that the red beam was in the same position as the green beam by
using the diaphragms, and afterwards the red beam was used for the correct position
of the sample. After switching to the PMT the position of the optics within the
spectrometer where improved by looking at the highest intensity.

5.1.5 Test measurements
The first measurements were done with GSGG:Cr and GSAG:Cr to confirm that it
is possible to get a reliable signal using the scattering geometry shown in fig. 5.4a.
In this measurement the fluorescence property of the crystals was used, and resulted
in the graph shown in fig. 5.6. The used laser was a gas-laser with a wavelength of
515.25nm. The used power was 200mW, and the slit width was set to 3mm.
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Figure 5.6: Fluorescence test measurement with GSGG:Cr
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After thereby validating the functionality of the setup Raman signals should be
measured. Among other materials such as magnesium fluoride (MgF2) or calcium
fluoride (CaF2) diamond was the material with the most noticable Raman response.
For aquiring the spectrum the laser power was decreased to 100mW, the slit width
of the spectrometer was set to 3mm and the maximum amplifying value of the
lock-in-amplifier was set to 5mV. The whole spectrum is displayed in figure 5.7.
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Figure 5.7: Raman measurement on diamond substrate, full spectrum

In this spectrum one can see that the peak at the central frequency of the laser
is extremely noticable, and therefore suppressing all other signals in the spectrum.
Thus a single measurement was done at the position of the expected Raman peak,
according to literature [55] at 1332cm−1. The result can be seen in figure 5.8.
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Figure 5.8: Raman measurement on diamond substrate, small spectrum

In this figure it can clearly be seen that even if diamond is quite a strong Raman
signal generator [55] the signal is quite weak (approximately 5 times larger than
the background signal). Thus the whole setup has to be further improved for
measuring signals from other materials which give a lower Raman response. Those
improvements included an improved optics for better focusing the laser onto the
sample and recollecting the scattered light from the sample, but the most significant
improvement was the automation of the setup, allowing the user measuring the signal
at more points in the same range. Before that the user had to enter all values by
hand, reading from a multimeter, which could become inconvenient for multiple
points.
This is also the reason why all further measurements, beginning with fig. 5.9,

provide a higher resolution than the measurements before.
To test the spectrometer with a second material as safety test silicon was chosen,

after it produces a well-known Raman peak at 519cm−1 [56]. With this material the
measurement resulted in the spectrum shown in fig. 5.9.

39



Chapter 5 Experimental Setup

460480500520540560580600
0

0.5

1

1.5

·10−4

Wavenumber [cm−1]

M
ea
su
re
d
V
ol
ta
ge

[V
]

Raman scattering of silicon

Figure 5.9: Raman measurement on silicon

Here a strong improvement compared to fig. 5.8 can be seen, especially in the
Signal/Noise-ratio. While in the former the signal to noise-ratio is at around 5, the
S/N-ratio is at around 120 in the latter one.

5.2 Automatisation of the dispersion measurement setup
5.2.1 Setup
In order to measure the dispersion of fibers, a measurement setup was designed and
built up. Its schematic is shown in figure 5.10.
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Figure 5.10: Schematic of the dispersion measurement setup [57]

This setup consist out of a light source, two beam splitters, a movable 180◦-mirror,
the fiber itself, the monochromator and the PC. The function principle is that of
a michelson-morley-interferometer. Due to the path length difference of the light
through the fiber and the mirror one get interferences. By adjusting the position
of the mirror the interference pattern gets either increased (by lowering the length
difference) or decreased (by increasing the length difference). The light source itself
should have a coherence length low enough to provide a noticable decrease of the
interference strongness within the movement range of the mirror. Furthermore in
order to measure multiple wavelengths the light source has to be a broadband light
source. While the stepper motor and the spectrometer are controlled via the serial
port in our setup, the line-in of the sound card of a computer was used in order to
measure the amplitude of the current signal.

5.2.2 Calculation of the dispersion
In order to calculate the dispersion in dependance of the length of the path length
difference, one has to start with the group velocity

Vg = c

n
· 1

1− λ
n
dn
dλ

(5.1)

Furthermore the time a pulse needs to travel through a fiber is

τ = L · n
c
·
(

1− λ

n

dn

dλ

)
(5.2)
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with n as the refractive index of the fiber and L as the length of the fiber. With
those values the dispersion D can now calculated as

D = 1
L

∂τ

∂λ
(5.3)

= −λ
c

d2n

dλ2 (5.4)

= 1
L · c

· d
dλ

∆l(λ) (5.5)

By now measuring the position of the point where the highest intensity occurs
one can determine the dispersion for the fiber for one specific wavelength, and by
measuring the dispersion at different wavelengths one obtain the dispersion curve
in this area. The aquisition of those values is easier if the light source covers a
broad wavelength bandwidth due to the unnecessity to change the light source while
conducting multiple measurements.

5.3 Summary
In this chapter the process of redesigning the control electronics and software for a
Raman spectrometer (section 5.1) is described, including descriptions of the used
electronics (section 5.1.1) and the software (section 5.1.2). In order to test the
spectrometer several tests were done including the measurement of fluorescence and
Raman scattering (section 5.1.5). In addition to those measurements three different
scattering geometries were tested, and according to their properties used for the
different samples. Additionally a setup for measuring the dispersion of fibers was
automatized and test measurements were done (section 5.2). A goal which could not
be fulfilled with the scattering geometries was to measure glasses due to problems
with collecting the scattered light. The first two geometries were tested for measuring
the Raman signal of bulk glass samples, but the resulting scattered light was below
the signal strength of noise. Thus this part still has to be improved by testing further
geometries, or by adding focusing/collecting mirrors. A second experimental part of
the thesis is also briefly explained, the dispersion setup for measuring the dispersion
of fibers. Its basic working principle is explained, and the formulas for calculating
the dispersion curve out of the measurement values is introduced.
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Practical applications and results
In this chapter both the measurements of dispersion and raman measurements on
fibers are presented and evaluated. Furthermore the two simulation scripts are
described and the results from the simulations are presented.

6.1 Measurement of the dispersion of a fiber
Due to technical problems only two dispersion spectra for the same wavelength for a
standard silica fiber SMF-28 could be obtained. Those are displayed in fig. 6.1.
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Figure 6.1: Position curves of the interference pattern of the dispersion setup
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While the blue curve is quite noisy, the red (second) measurement is quite perfect,
and was used for an approximative fit with a gaussian function

A · exp
(
−(x− b)2

2 · c2

)

with the values A = 2.55014520 · 103, b = 9.93966063 and c = 3.18258636 · 10−1. The
result is displayed in fig. 6.2.
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Figure 6.2: Measured and fitted data for the dispersion curve measurement
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6.1 Measurement of the dispersion of a fiber

The script used for finding the best position can also be applied for all further
measurements, and therefore increase the speed of the creation of the dispersion
curve. The maximum points for those first measurements are displayed in fig. 6.3.
Even if there are not enough for a whole dispersion curve those points demonstrate
that the setup is theoretically working, even with its major flaws.
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Figure 6.3: Proof of concept of the dispersion measurement setup
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Chapter 6 Practical applications and results

6.2 Measurement of the Raman shift in a fiber
After being able to show that the Raman setup is working (section 5.1.5) by scanning
the Raman scattering of silicon (fig. 5.9) and diamond (fig. 5.8) the setup was
converted in order to be able to measure fibers. For that a fiber coupling instrument
was placed in the optical setup as seen in fig. 5.5, and the output of the fiber was
attached at the entrance of the spectrometer. In order to align the fiber and to
couple the light into the fiber the red laser was used, but for measurements the green
laser was used. The first measurements where done on a silica-based fiber (SMF-28)
with a length of approximately 2.5m. This resulted in the spectrum shown in fig. 6.4.
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Figure 6.4: Raman gain of a silica fiber

It was generated with a laser power of 100mW and a slit width of 3mm. One can
clearly see that in comparison with common spectra of silica the remaining part of
the main peak at the left side can be seen. This peak occured in all measurements,
thus it had to be removed. In order to do that the measured spectrum first was
approximated by a lorentzian function, followed by a subtraction of the function
from the measurement. The result was used to determine the shape of the pulse, and
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6.2 Measurement of the Raman shift in a fiber

to design a function of the pulse shape to be used with other measurements. In order
to determine the accuracy of the measurement, and to compare the scattering result
in a fiber with the Raman scattering in glass, data for both is shown in fig. 6.5.
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Chapter 6 Practical applications and results

In this figure one can clearly see that even if the main peaks are at the same
position for both materials, fiber and glass, the shape is different. The reason for the
flatter right flank of the fiber spectrum can be that the central Rayleigh peak is not
filtered out enough, and is still contributing to the measured spectrum. This can
also be the reason for the bigger peak at ≈ 490cm−1. Another possible influence can
be that the slit width of the spectrometer was set to the maximal width in order to
increase the gained signal. Those probable error sources can be ruled out by further
measurements.
A second fiber which has been measured was a germanate fiber. Here it was

noticed that even if the coupling factor of light coming out of the fiber compared to
the light going towards the entrance factor was at ≈ 5% compared to ≈ 50% for the
silica fiber, the resulting spectrum was significantly higher (20− 30 times higher).
The single spectrum for the germanate fiber is shown in fig. 6.6. The length of both
fibers was approximately the same at ≈ 2m. In this spectrum one can see that the
main peak (as expected) is at 420cm−1, a main line of germanium [59].
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Figure 6.6: Raman gain of a germanate fiber
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6.2 Measurement of the Raman shift in a fiber

If both spectra are compared, one can see that several of the smaller peaks of the
silica fiber are not present in the germanate fiber (compare to fig. 6.7). Furthermore
one can see that the main peak of the germanate fiber is significantly sharper than
the germanate peak, but this can also be explained by the smaller slit width of the
germanate measurement, which increased the resolution.
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Figure 6.7: Raman gain of a silica and germanate fiber in comparison

49



Chapter 6 Practical applications and results

6.2.1 Calculation of the Raman response function of the silica fiber
In order to calculate the Raman response function from the Raman gain, the data
had to be fitted. This was done for the results of the silica fiber measurement by
using a combination out of eigth lorenzian functions:

L(x, a, b, c, d) = a+
b
π

1 +
(
x−c
d

)2 (6.1)

f(x, ni, ai, bi, ci, di) =
8∑
i=1

ni · L(x, ai, bi, ci, di) (6.2)

The parameters used for eq. (6.2) are displayed in table 6.1.

i 1 2 3 4
n 2.819 −5.726 −1.955 −2.100 · 10−1

a 2.180 · 10−2 2.375 · 10−2 2.281 · 10−2 2.198 · 10−2

b −1.700 −3.051 −2.344 · 10 −1.188
c 2.284 · 102 2.342 · 102 5.907 · 102 8.003 · 102

d 1.263 · 102 1.969 · 102 6.642 · 10 1.854 · 10
i 5 6 7 8
n 6.068 · 10−1 1.874 3.936 1.983 · 10−1

a 2.712 · 10−2 2.449 · 10−2 1.368 · 10−2 2.063 · 10−2

b 1.070 −6.874 · 10−1 −1.206 · 10 1.136
c 4.963 · 102 7.011 · 102 5.897 · 102 8.319 · 102

d −1.504 · 10 −3.501 · 102 6.871 · 10 2.038 · 10

Table 6.1: Parameters used for fitting the normalized data in fig. 6.4 by using eq. (6.2)
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6.2 Measurement of the Raman shift in a fiber

The original data (normed to 1) and the fitted data is displayed in fig. 6.8. The
corresponding R2-value is 99.80% indicating a quite good fit. Nevertheless one has
to notice that on the one hand the peak at approximately 1200cm−1 is not fitted,
and the leftmost peak resulting from Rayleigh scattering is also fitted. In order to
find the influence of those two misfits the Raman response function was calculated
by using eq. (4.80) and eq. (4.81).
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Chapter 6 Practical applications and results

In order to remove the Rayleigh peak the laser peak was approximated by a
Lorentzian function, and the function subtracted from the experimental data. The
result is shown in fig. 6.9, together with the new fit, and a comparison to the „dirty“
original experimental data.
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Figure 6.9: Comparison of fitted data of the Raman gain of a silica fiber vs. the
original data without the Rayleigh peak
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6.2 Measurement of the Raman shift in a fiber

The resulting Raman response functions are shown in fig. 6.10
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Figure 6.10: Calculated Raman response in comparison with an approximative formula
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Chapter 6 Practical applications and results

In this comparison between the calculated Raman response both response functions
calculated from the measured data, cleaned and uncleaned, and two Raman response
approximation functions from Blow-Wood and from Hollenbeck are shown. Here
one can see that even if the „uncleaned“ function has a certain offset (probably
resulting from the center line) all peaks are approximately at the same position,
indicating a good accordance of theoretical and measured data . The reason for
the big multiplication factor for the theoretical values could be that the Fourier
transformation was done numerically with a relatively low number of points. This
results both in a low resolution, which is also responsible for the sharp edges, instead
of „round“ peaks, and in a not-perfect multiplication factor.

6.2.2 Calculation of the Raman response function of the germanate
fiber

In order to calculate the Raman response function of the germanate fiber, one has to
do the same procedure as described in section 6.2.1. First the resulting spectrum
(shown in fig. 6.6) has to be cleaned from the Rayleigh peak. For that a Lorentzian
approximation of the initial pulse (as above) will be used. The result (including the
fitting function) is shown in fig. 6.11.
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6.3 Fiber simulations

The resulting Raman response function both for the gain measurement with
Rayleigh scattering and without is shown in fig. 6.12.
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Figure 6.12: Calculated Raman response in comparison with an approximative formula

In this figure one can clearly see that the Raman response function from the
germanate fiber is on the one hand slightly shifted compared to the Raman response
function in the silica fiber, and on the other hand significantly larger. A physical
reason for this behaviour could not determined yet, but it could also be related to
the fourier transformation and resulting prefactors.

6.3 Fiber simulations
6.3.1 Simulation program
As already explained in the theory part (section 4.2.1) we have to solve the GNLSE
by using the Split-Step-Method for both simulating a moving soliton in a fiber and
the generation of a supercontinuum. This algorithm can be implemented in an easier
way by rewriting it into a PDE:

In [25] the authors propose a potential algorithm implemented in matlab to solve
the GNLSE ([25], Chapter 3, Listing 3.1). This code has already been implemented
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Chapter 6 Practical applications and results

in python, and therefore I could use this code([60], [61]). For my purposes I modified
this code for improved output data. Before talking about the calculation results
and the used method in the simulation, first some parts of the program should be
presented.

Raman response functions

In literature several different Raman response functions can be found. Those are
already listed in the section 4.1.7.3. The implementation of the most important
function, the „Blow-Wood“-function is:

def Raman_blowwood( tvec ) :
tau1 = 12 .2 e−15
tau2 = 32 .0 e−15
tvec2 = np . mult ip ly ( tvec , tvec >=0) # us ing tvec2 prevents

↪→ numerica l i s s u e s f o r b ig negat ive t imes with exp
r t = ( tau1 ∗∗2 + tau2 ∗∗2) /( tau1 ∗ tau2 ∗∗2) ∗np . mult ip ly ( np . exp(−

↪→ tvec2 / tau2 ) , np . s i n ( tvec2 / tau1 ) )
r t = np . mult ip ly ( rt , tvec >=0)
return r t

Figure 6.13: Blow-Wood-function, implemented in python

The function takes a vector of τ -values, and returns a vector of the processed
τ -values.

Reformulation of the GNLSE in python

To be able to solve the GNLSE numerically with the computer it has to be reformu-
lated. This has already be done in equation 4.85:

∂Ã

∂z
= i

γω

ω0
exp

(
−L̂z

)
·

F
{
A(z, t) ·

(
(1− fR)|A(z, t)|2 + fR∆tF−1

[
F (hR(t))F

(
|A(z, t)|2

)])}
Thus, the final function for the right hand side of equation 4.85 is
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6.3 Fiber simulations

def GNLSE_RHS( z , AW, simp ) :
AT = np . f f t . f f t ( np . mul t ip ly ( AW , np . exp ( simp [ ’linop’ ] ∗ z ) ) )
IT = np . abs (AT) ∗∗2
i f simp [ ’Raman’ ] == True :

RS = simp [ ’dt’ ] ∗ np . f f t . f f t ( np . mult ip ly ( np . f f t . i f f t ( IT ) ,
↪→ simp [ ’RW’ ] ) )

M = np . f f t . i f f t ( np . mult ip ly ( AT, ( (1−simp [ ’fr’ ] ) ∗IT + simp [ ’
↪→ fr’ ] ∗RS ) ) )

else :
M = np . f f t . i f f t ( np . mult ip ly ( AT, IT ) )

return 1 .0 j ∗ simp [ ’gamma’ ] ∗ np . mult ip ly ( simp [ ’W’ ] , np . mult ip ly (
↪→ M, np . exp ( −simp [ ’linop’ ] ∗ z ) ) )

Figure 6.14: Formula for calculating the right hand side of the equation 4.85, written
in python

6.3.2 Fiber simulations
6.3.2.1 Simulation of a moving soliton in a fiber

For simply simulate a moving soliton without Raman effects, the Raman part of the
right hand side of the formula 4.85 has to disabled. That leads to the shortened
function

∂Ã

∂z
= i

γω

ω0
exp

(
−L̂z

)
· F

(
A(z, t) · |A(z, t)|2

)
(6.3)

which still can be solved with the same solver. As example a fiber with the values
l = 50cm, β2 = −10 · 10−27 and γ = 2.1 · 10−2 was chosen, with an input pulse with
a power of P = 7.6J and a length of T = 2.5 · 10−13s. The central wavelength is
1064µm. The result can be seen in figure 6.15. The pulse power itself is calculated
with eq. (6.4).

P = |β2|
T 2

0 · γ
(6.4)
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Figure 6.15: Simple soliton calculation

If the Raman effect is enabled, the soliton is shifted due to the Raman effect, which
is shown in fig. 6.16.
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Figure 6.16: Raman shift of a soliton
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6.3 Fiber simulations

6.3.2.2 Simulation of the generation of a supercontinuum in a fiber

To simulate the supercontinuum generation now additional β-values have to be added.
For showing the significance of the different β-values they were added stepwise. For
that n2 = 1.3375 · 10−20 was chosen, and the simulated values from table 6.3. Thus
one receives the graphs shown in fig. 6.17. In this figure can see the influence of the
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Figure 6.17: Comparison of the influence of different β-values towards the supercon-
tinuum in a fiber

different β-values. All spectra are displayed in the frequency domain, with a central
frequency of 2390nm of the input pulse (not drawn here). Here one can notice that
the influence of the β-values is visible, but especially at the central point not that
significant. Nevertheless the further one move outside towards the higher frequencies,
the bigger the influence of the additional β-values get.
To investigate the influence of the refraction index n2 several spectra also were

created with different n2-values, while keeping the β-values constant. In this example
the n2-values are shown in table 6.2.
For comparison the β-values where set to β = [β2, β3, β4, 0, 0]. Thus one receive

fig. 6.18.

59



Chapter 6 Practical applications and results

n2,1 0.5 · 1.3375 · 10−20

n2,2 1 · 1.3375 · 10−20

n2,3 2 · 1.3375 · 10−20

n2,4 5 · 1.3375 · 10−20

n2,5 10 · 1.3375 · 10−20

n2,6 20 · 1.3375 · 10−20

Table 6.2: Used n2-values for comparison
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Figure 6.18: Comparison of the influence of different n2-values towards the supercon-
tinuum in a fiber

Here one can see that even small changes of the value of n2 have significant
influences onto the resulting pulse shape, especially if compared to fig. 6.17. In order
to keep the figure understandable, not all values for n2 are displayed. Therefore
the proper calculation of the nonlinear refraction index can be seen as way more
important than the proper calculation of the additional β-values if the area of interest
is close to the main pumping line.

6.3.3 Comparison of the simulation results with the measured data
During the experimental simulations several simulations were done to determine the
importance of both the β-values and the n2-value. Furthermore the importance of
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6.3 Fiber simulations

the attenuation and its influence onto the resulting shape of the pulse was tested.
The first important step was to get reliable β-values. The first intention was to use
β-values obtained from real dispersion measurements from the fiber by deriving the
β2-values further (β3 = ∂β2/∂ω, β4 = ∂2β2/∂ω

2). This resulted in the values shown
in table 6.3.

Measured values Simulated values
β2 7.31 · 10−27 s

m 1.736 · 10−26 s
m

β3 −1.163 · 10−19 s
m 3.665 · 10−41 s

m
β4 −2.316 · 10−17 s

m −2.887 · 10−54 s
m

β5 0 s
m 2.794 · 10−67 s

m
β6 0 s

m 1.630 · 10−79 s
m

Table 6.3: Measured and simulated β-values

By putting them into the simulation, we received the blue spectrum shown in
fig. 6.19. Unfortunately these results were not as close to the real results A.15 as
expected. Therefore those results were compared with the results obtained from
the mode calculator in the rp-photonics program „fiber power“. Those values differ
quite a lot from the values from the dispersion measurement, and are shown in table
6.3. When those β-values were used for the simulation of the supercontinuum, the
resulting spectrum was much better, and is shown as the red spectrum in fig. 6.19.
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Figure 6.19: Comparison of the simulation results using the β-values from table 6.3

The reason for this big difference could not determined, but one assumption for it
is that it might result from a non-ideal measurement. Nevertheless this thesis can
neither be confirmed nor denied as long as the measurements are not repeated, but
until then the β-values obtained from the rp-photonics simulation where used. For
each simulation an input pulse with a FWHM of 68fs and an energy of 0.68nJ was
used, resulting in a peak power of 10kW of the laser pulse. To show the importance
of the different values, several different n2-values in the appropriate range from
5 · 10−21 m2

W to 20 · 10−20 m2

W where chosen. To each of those n2-values β-values were
added, beginning with only β2 up to [β2, β3, β4, β5, β6]. While the adding of only n2-
values modified the size of the resulting output-pulse in the frequency domain, while
adding β-values without n2-values modifies the shape of the resulting output-pulse
in the time domain.

6.3.4 Comparison of both solving approaches (ODE and SSFM)
Even if this approach is easy to implement and straigth forward, it still has the
problem that it is quite slow, and not portable to other languages, after it relies
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6.4 Summary

on the ODE45-solver of python. With the use of „gprof“, a profiling program, the
slowest parts were tried to be identified. It showed up that the solver is one of the
slowest functions next to the GNLSE_RHS-function (fig. 6.14). This prevented a
significant speed-up, which was tried by implementing the function partly in C and
coupling it to the python-program with Cython. This led to a theoretical speed-up
of 2, but this speed-up is insignificant if comparing with the estimated time needed
for calculating the first stage of the laser described in chapter 7 (t ≈> 4 · 1012h).
Thus the split-step approach mentioned in section 4.2 was implemented for tests
both in C and in python (based on the algorithms proposed in [46], in [47] or in [48]),
but until the end of the thesis no simulation images were created. Nevertheless this
approach increases the speedup significantly, leading to program execution times of
seconds to minutes, even if not optimized for speed. The code for the SSFM- and
RK4IP-method for solving the GNLSE was obtained from [62].

6.4 Summary
In this chapter the different practical applications are described. First the results from
the dispersion measurement of fibers done with the setup described in section 5.2 are
described, followed by the results of the Raman measurements of fibers done with the
setup from section 5.1. Finally the results of the simulations of pulse propagation in
fibers with different pre-settings are displayed and compared with the measurements
in the experiment (section 6.3).
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Chapter 7

Design of a laser using SPM

In order to use the calculated results in reality a final task was to improve a MOPA-
laser which uses the SPM-effect in order to narrow the pulse bandwidth, and further
to design a packaging to make it ready for shipping. A schematic of the laser is
drawn in fig. 4.1.
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Figure 7.1: Basic layout of the laser, including distances in [mm]. Description of the
parts is in table 7.1
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Chapter 7 Design of a laser using SPM

It consists out of the main input laser L1, two additional support lasers (pumping
lasers for the first stage) L2 and L3 and the big pumping laser IPG for the second
pumping stage.

L1 Initial pulse laser

L2 Forward pumping laser
for the first amplifying stage

L3 Backwards pumping laser
for the first amplifying stage

IPG Forward pumping laser
for the second amplifying stage

IS1 Isolator for L1
IS2 Isolator for L2
IS3 Isolator for L3

IS4 Isolator between the first amplifying stage
and the coupler C2

C1 Coupler between the amplifying lasers
and the pulse laser

C2 Coupler between the first amplifying stage,
the second amplifying stage and the IPG-laser

Z1 Cylinder used for holding and cooling the
first and second amplifying stage

O1 Laser output

Table 7.1: Description of the parts used in figure 7.1

The main input laser L1 is pulsed, and creates an average output of 4mW at a
frequency of 100kHz, thus having a peak power of 600mW. Its pulse width is 0.45nm
at FWHM, and its operating wavelength is 1550nm. A pulse spectrum of the laser is
shown in fig. 7.2
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Figure 7.2: Pulse spectrum of laser L1

The lasers L2 and L3 are used for pumping the first amplification stage. Both are
operating at 1480nm with a power of 300mW in continuous mode. Their respective
spectrum is shown in fig. 7.3.

Figure 7.3: Pulse spectrum of laser L2 and L3
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Chapter 7 Design of a laser using SPM

The pumping laser for the second amplification stage, L4, is operating at a
wavelength of 975nm with a pulse-FWHM of ≈ 3.2ns in the temporal regime and
≈ 0.4nm in the wavelength dimension. With an average power of 10W that results
in a peak energy of 100µJ. The obtained spectrum of the laser is shown in fig. 7.4.

Figure 7.4: Pulse spectrum of the whole fiber laser
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7.1 Packaging of the laser

7.1 Packaging of the laser
An additional task during my master thesis was to design and build a housing case for
a fiber laser. The case was first designed in SolidWorks and then tested and simulated
for sufficient airflow by calculating the corresponding values (sections A.6.1 and A.7).
Based on this results a second generation of the packaging was generated, resulting
in a smaller and lighter package with improved features such as temperature range
and stability. This process is described in appendix A.6.2 and in appendix A.6.3 in
the appendix.

7.2 Summary
In this final chapter the application of the results achieved in chapter 6 and chapter 4
in a short-pulse laser with SPM is described. Furthermore a packaging (appendix A.5)
for this laser was designed in two steps, including the calculation of the thermal
distribution and the airflow necessary for cooling (appendix A.6.1), followed by
improvements of the design leading to several build configurations.
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Chapter 8

Summary

In this thesis several different aspects of nonlinearity were taken a look at, with
Raman scattering as the biggest one. On the one hand those nonlinearities were
simulated and their influence onto the light pulse were observed, and on the other hand
those nonlinearities were measured. For this purpose two measurement setups were
redesigned and newly constructed, one for measuring the Raman gain of materials,
and the other one for measuring the dispersion of fibers. For both measurement
places new devices had been designed and controlling programs written. With those
setups already known data was confirmed, such as the Raman gain function for silica
fibers, and new data was aquired which has not been measured before, such as the
Raman response and the Raman gain for a germanate fiber.

Unfortunately the dispersion setup still needs some improvement, after it was not
possible to use it as intended in this thesis due to the technical failure of the stepper
motor.
For the future both setups can be used for measuring further unknown data or

confirm known data, such as the Raman spectrum of ZBLAN-fibers, Chalcogenide
fibers, or custom self-made fibers. The improvements of the setups allows it to
increase the speed of the measurements and the accuracy, while administrating the
measurements remotely, and therefore increasing the working speed.
If the PMT used in the Raman measurements is changed with a PMT sensitive

in the infrared area, the same experimental setup can also be used for measuring
fibers which are only transparent in the infrared area, such as chalcogenide fibers.
Nevertheless the pumping laser also has to be exchanged in this case, but it is possible
to use the same coupling input.

Another possible improvement can be the improvement of the scattering geometries,
allowing the user to also measure the Raman scattering of bulk glasses, which was
not possible with the current geometries. Furthermore both setups can and have to
be further improved, both in the user friendliness and usability by improving the
programming itself and the controlling devices.

A final possible improvement can be done for the simulation program of the GNLSE
by porting it to the GPU, and adding a user interface to it, thereby increasing its
user friendliness.
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Glossary

A/D Analog/Digital. 31, 32

ARM Advanced RISC Machines, name of a microprocessor architecture. 30

BBB BeagleBone Black. 34

DPC Digital Photon Counter. 31, 34

FWHM Full Width, Half Maximum. 61, 64, 66

FWM Four-Wave Mixing. iii, 6, 16, 17

GNLSE General Non-Linear Schrödinger Equation. iii, 3, 6, 9–11, 14, 15, 22, 25, 26,
28, 54, 62, 69

GPIO General Purpose Input-/Output. 30

GUI Graphical User Interface. 32, 34

GVD Group velocity dispersion. 6, 13

I2C Inter-Integrated Circuit, a serial databus used for communication between
electronic devices. 31, 34

I\O Input\Output. 30

IRS Induced raman scattering. 6, 19

ISA Industry Standard Architecture. v, viii, 29, 30, 131, 132

LAN Local Area Network. 30–32, 34

MI Modulation instability. 17

MOPA Master Oscillator Power Amplifier. 63

NLSE Nonlinear Schrödinger equation. 6
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Glossary

ODE Ordinary differential equation. iv, 25, 28, 61

PCB Printed Circuit Board. 30, 96

PDE Partial differential equation. 54

PMT Photo Multiplier Tube. 31, 37, 69

RK4IP Runge-Kutta-4 in the Interaction Picture-method. 27, 62

SIF Step-index fiber. 12

SPM Self-phase modulation. iv, 5, 6, 13, 28, 63, 64, 66, 67

SRS Spontaneous raman scattering. 19

SSFM Split-Step-Fourier method. iv, 61, 62

SSH Secure Shell, a network protocol. 32, 34

TCP Transmission Control Protocol, a network protocol. 32

USART Universal Synchronous/Asynchronous Receiver/Transmitter. 32

ZDW Zero-dispersion wavelength. 13
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Appendix A

Appendix

A.1 Code Listing
A.1.1 Python script for solving the GNLSE

https://github.com/xmhk/gnlse

A.1.2 Code for the controller boards
Cape

https://github.com/anates/Cape

Amplifier

https://github.com/anates/PreAmp

Stepper-Controller

https://github.com/anates/StepperController

A.1.3 Controller program - GUI
https://github.com/anates/Spectro

A.1.4 Controller program - remote
https://github.com/anates/TCP-controller
https://github.com/anates/remoteController

A.1.5 Controller for the dispersion setup
https://github.com/anates/DispersionSetup
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A.3 Case requirements

Requirement value
Maximum Size

Width 19′′-rack
Heigth 3u or 4u

Maximum Depth 18′′

Necessary power supplies
Power supply for cooling fans

Variable power supply max. 12V/12A
Fixed power supply 15V/1A
Fixed power supply 5V/20A
Power to be cooled

3·lasers 10W each
IPG-laser 120W

Fiber coupler 30W
Laser fiber 60W

Fiber requirements See image 7.1
Front panel openings

Power supply control for variable power control
USB Port
BNC Port

Security key lock
Emergency power off button

Laser fiber output
Cooling ports

Back panel openings
Main power supply input

Secondary power supply input (for 1. generation)
BNC input port

Table A.1: Laser case requirements
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A.4 Data sheets
A.4.1 Spectrometer 14018
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A.4.2 Photo multiplier C31034

92









Appendix A Appendix

A.5 Design of the case for the laser described in chapter 7
A.5.1 Requirements for the case
The first task before designing was to determine the target requirements. Those are
displayed in table A.1. Furthermore the laser which had to be placed inside is shown
in image 7.1.
To make the design itself and the possibility of repairment easier the case was

separated into modules. That means that both the optical and the electrical part
where separated, and only via wire trees connected. If one of those parts breaks the
module can easily removed and replaced without having to unscrew too much.

A.5.2 General module description
A.5.2.1 Laser module

As already stated in the requirements (table A.1), the laser consists out of three
„small“laser diodes, one „big“laser, some optical combiners and isolators and some
fibers. Those elements had to be fixed relatively to each other such that fast
movements could not disturb the operation of the laser. Furthermore the fiber mount
itself has to maintain a certain minimal radius for keeping the fiber from breaking or
loosing too much energy due to light exiting the fiber.
Each of the components dissipate heat (which is listed in table A.1) which also

has to be removed while keeping an eye on the target temperature range.

A.5.2.2 Electrical module

The electrical module consists both of the power supply and the controlling circuits.
The power supply is responsible for converting the supply voltage into one or more
target voltages, while the controlling circuits monitor the temperatures of the lasers,
provide external access and external control of the laser.

A.5.3 First design
The first design of the laser packaging was mainly aimed towards meeting at least
most of the requirements of the packaging while keeping it still simple and easy
to calculate. All parts of this design can be found in the folder „drafts“delivered
together with this thesis. The parts for the first design are located in „First design“.

A.5.3.1 Laser module

In order to both cool the fiber and to provide enough stability, we decided to wind
the fibers up onto an aluminium cylinder. The first stage of the laser does not
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need cooling, while the second stage of the laser nevertheless emits up to 60W of
thermic power, and therefore has to be cooled. The heat dissipation was calculated by
assuming that all laser power which is emitted from the pump laser is damped in the
fiber itself, and none is emitted at the end. This method of calculation should keep
a safety margin big enough for sudden power peaks. To cool the whole fiber, and to
stabilize it it was mounted onto an aluminium cylinder,and attached to it with heat
paste to improve the thermal flow. This coil is attached to an aluminium radiator to
increase the area exposed to the air flow and to increase stability. Furthermore the
three smaller lasers are also attached to this radiator.Each of those lasers generate
up to 10W of thermic power (table A.1), which also has to be cooled. The whole
arrangement was designed to be air-cooled. To be sure that it stays within the
temperature borders the whole module was calculated afterwards, which can be seen
in appendix A.6.1 of this thesis. A second thing to be cooled was the fiber coupler
which combined the fibers from the first stage of the laser and the pumping laser
to the second stage. This connector was also supposed to emit between 10W and
30W of thermal energy, but for safety margin a theoretical output power of 30W
was applied. An additional requirement for the connector was that it should be
as near as possible towards the copper coil to reduce the amount of free-floating
fiber. Therefore it needed it own holder. This holder was built out of aluminium,
and mounted onto the main radiator. To increase the possibility of heat transfer
between the main radiator and the holder itself the ground plane was increased. One
idea to increase the cooling was to add either a radiator or directly some fins onto
the holder. This idea was calculated in A.7.5, with the result that it is possible to
decrease the temperature difference, but not at the correct point. The pumping laser
itself could generate up to 120W of thermal energy, which was again calculated by
taking the maximum input of electrical energy and assuming that the whole energy
is dissipated as heat. To keep the pumping laser within the temperature borders
it was attached to two peltier elements via several heat pipes.Those two elements
are cooled by two aluminium coolers with 120mm-fans attached.According to the
data sheet each of those elements can cool up to 56W of thermal energy without
increasing the temperature of the cold site of the peltier element. The incoming air
flow is afterwards redirected onto the fins of the big aluminium cooler to provide
the necessary air flow. To allow air cooling of the copper coil and the free fibers an
additional inlet was created in the backside such that both the power supply and
the fibers are getting enough air. This flow is pictured in figure A.2. To reduce the
amount of free wires hanging around, and to control the air flow, a wire channel
was designed. It should guide the wires from the fans and the IPG-laser on the heat
pipes below the radiator to the electronic module.Additionally its form guides the
incoming air from the back fans into the rips of the radiator, which can be seen in
figure A.2.
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A.5.3.2 Electronic module

In the first design of the packaging we decided to use a commercial PC power supply
for the fixed voltages and a separate input for the variable 12V/12A power supply.
Nevertheless we left enough space for an additional power supply in the next design
step. To be able to remove the whole electronic part at once (to make repairment
and maintenance easier) all electronic components are fixed in a cage made out of
aluminium u-shaped rails with a width of 10mm, a height of 8mm and a material
thickness of 1.5mm.The control panels for the lasers are mounted on the front, while
the power supply and the necessary air support channel is mounted in the back.The
laser controllers each consist out of a display, the controller PCB itself and five
control buttons.

A.6 Assembled model
Both modules are put together in the rack after final assembly, separated by a wall
in between. This wall should both increase stability and prevent damage in case of
intruding water. The whole model can be seen in figure A.1.
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SolidWorks Studenten-Edition.
 Nur für akademische Zwecke.

Figure A.1: 3D-model of the designed laser case, I. generation, without cover

In this model the covering case has been removed, in order to make the parts
better visible. Nevertheless the input- and output ports can be seen on the front-
and backpanel, as well as the two modules.

A.6.1 Heat- and airflow calculation
To decrease the possibility of hotspots the case was designed with a higher airflow
out of the case than into the case. This was achieved by putting three 80mm-fans
into the front of the case, each of them with a higher air flow rate than both the
120mm-fans according to their data sheet. The air flow through the 120mm-fans on
the backside is used to cool the main radiator, while the air flow provided by the
channel in the electronics compartment is used for providing extra air cooling in the
fiber area (as already stated in A.5.3.1). The planned air flow is displayed in figure
A.2.
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Figure A.2: Air flow in the laser case for the first generation

The maximum temperature of the radiator, of the lasers and of the coils should
not exceed a maximum temperature of 75 ◦C. Furthermore the fans at the backside
should be designed to create a lower air flow intake than the fans at the front side
are able to push out. This secures a lower pressure in the inside compared to the
outside. For the beginning every material connection should be considered as ideal
in terms of heat flow.

A.6.1.1 Calculation of heatflow for the first packaging design

To calculate the heat flow, [63] was used as a first reference point for calculating
the heat flow without supporting air flow. For lowering the calculation difficulty the
laser model was distributed into several parts: The fiber itself was distributed into
two parts, the core and the cladding. After the fiber the heat is distributed into the
single aluminium coil where the fiber is mounted onto. The aluminium coil is then
forwarding the heat to the main radiator which also houses three small lasers and
the fiber connector of the laser. First all applied heat powers had to be set. This
leads to table A.2
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Element Heat applying elements Total applied heat power
in [W]

Aluminium coil Amplifier stage 60
Aluminium radiator Three lasers and fiber coupler 60

Table A.2: Heat distribution in the laser model

With those values we can calculate the temperature difference between fiber and
radiator. But first the temperature of the incoming air has to be calculated, after
that air is already used for cooling the peltier elements. Thus we have to use the
formula (by using the energy conservation law) A.1.

Pel + Q̇L = V̇L%L · cL(TLin − Tu) (A.1)

with the used symbols explained in table A.3.

Pel = 130 electric power of the peltier elements and the fans ([W])
Q̇L = 120 heat power from the IPG laser diode ([W])
V̇L = 0.05 air flow current from the fans ([m3

s ])
%L = 1.2 air density ([ kg

m3 ])
cL = 1000 air heat capacity ([ J

kg·K ])
Tu = 293 surrounding temperature ([K])

Table A.3: Symbols used in equation A.1
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Thus we receive as result equation

TLin = Pel + Q̇L

V̇L · %L · cL
+ TU (A.2)

= 250
0.05 · 1.2 · 1000

◦K + 293 ◦K (A.3)

= 297.17 ◦K (A.4)

With this we see that the incoming air is already heated up with approximately
4◦K before entering the main cooling system. This is regardless of the incoming air
temperature, but after we do not have the data sheet of the used peltier element, we
will always assume that the incoming temperature has 293◦K.

To make the calculations easier and for simplifications we create an electric
(thermal) network before starting the calculations:
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RRad,L1

PL1

RRad,L2

PL2

RRad,L3

PL3

TU

TRad

RRad,Mount

RMount

RMount,C1

PC1

RRad,Coil

RCoil

RCoil,Fa

RFa,Fi

TF

PF

RRad,Air

TU

Figure A.3: Simplified thermic resistor network for the laser assembly
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In this figure we omit all possible heat transfers between air and parts except
between air and radiator (RRad,Air), as it makes the calculations easier and will
be ignored in a future generation of the laser case. Furthermore as written in
appendix A.7.2 we can omit the heat capacities after we are only interested in the
steady state. The symbols in the network are described in table A.4.

PF Heat input power from the fiber
PL1 Heat input power from laser L1
PL2 Heat input power from laser L2
PL3 Heat input power from laser L3
PC1 Heat input power from fiber coupler C1
TRad Temperature of the radiator
TU Ambient temperature
TF Temperature of the fiber

RRad,L1
Thermal resistance between laser L1

and the radiator

RRad,L2
Thermal resistance between laser L2

and the radiator

RRad,L3
Thermal resistance between laser L3

and the radiator

RRad,Mount
Thermal resistance between the coupler mount

and the radiator

RMount,C1
Thermal resistance between the coupler C1

and the coupler mount

RRad,Coil
Thermal resistance between the coil

and the radiator

RRad,Air
Thermal resistance between the radiator

and the air

RCoil,Fa
Thermal resistance between the coil

and the outside of the fiber

RFa,Fi
Thermal resistance between the outside of the fiber

and the inside of the fiber
RCoil Internal resistance of the aluminium coil
RMount Internal resistance of the coupler mount

Table A.4: Network elements of figure A.3
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First we have to calculate the heat transfer between the core of the fiber and the
surface of the fiber. Based on the general formula for radiation transport

Q̇ = Aλ∆T
l

(A.5)

we get the formula for the fiber by A.133.

Q̇ = 2π · λ · (T1 − T2)
ln
(
r2
r1

) (A.6)

∆T =
Q̇ · ln

(
r2
r1

)
2π · λ (A.7)

=
60W · ln

(
200µm
180µm

)
2π · 0.2 J

m·K
= 5.03◦K (A.8)

Next we have to calculate the heat transfer in the aluminium coil. For that we have
to define some variables first. Those are displayed in table A.5 first, and afterwards
calculated.

AB Area of the connection surface between coil and radiator
AQ Area of the area where the heat-inducing fibers are mounted onto
Sa Longest way the heat can go to reach the radiator
Si Shortest way the heat can go to reach the radiator
ZQ Heigth of the area which is covered with heat-inducing fibers
ZS Total heigth of the coil
RS Radius of the coil
Q̇F Heat radiation current of the fiber

Table A.5: Symbols used for calculating the heat distribution in the coil

Thus we can calculate now the temperature difference in the coil:

AB = 1002 · πmm3 (A.9)
ZQ = 10mm (A.10)
ZS = 60mm (A.11)
RS = 100mm (A.12)
AQ = 2 ·RS · π · ZQ (A.13)

= 2 · 100mm · π · 10mm
= 2000 · πmm2 (A.14)
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Q̇F = 60W (A.15)
Sa = 25mm + 2 ·RS + ZS (A.16)

= 285mm (A.17)
Sb = 25mm (A.18)

Sm = 1
2 (ZS +RS + (ZS − ZQ)) (A.19)

= 1
2(Sa + Si)

= 155mm (A.20)

A(S) = AB −AQ
Sm

S +AQ (A.21)

Q̇F = λAl · (AB −AQ)
Sm · ln

(
AB
AQ

) · (TQ − TB) from A.118 (A.22)

⇒

60W =
235 W

m·K((1002 − 2000) · πmm2)
155mm · ln

(
1002·πmm2

2000·πmm2

) ·∆T (A.23)

∆T = 2.53◦K (A.24)

We obtain that the temperature difference between the position of the fiber on the
aluminium and the surface mounted on the radiator is approximately 2.5◦K if we
assume a maximum loss of 60W from the fiber.
In order to calculate the heat transfer between the aluminium coil and the alu-

minium radiator we assume that the surface in between is coated in a heat transfer
paste with λ ≈ 1.7 W

m·K [64], and an average distance of 200µm. Thus we can use
formula A.25 and A.27 to calculate the thermal resistance between both bodies:

kW = λ

δ
(A.25)

=
1.7 W

m·K
200µm

= 8500 W
m2 ·K (A.26)

With that we can calculate the temperature difference:

Q̇ = kW ·AB ·∆T (A.27)

= 8500 W
m2 ·K · 1002 · πmm2 ·∆T (A.28)

⇒
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60W = 267.0 ·∆T W
K (A.29)

∆T = 0.225K (A.30)

In order to calculate the additional temperature differences between the three
lasers L1, L2 and L3, and the coupler C1 we assume that all of them have the same
connection area of 30 · 13mm2 to the radiator plate. With that the temperature
difference can be calculated:

∆T = P

kW ·AB
(A.31)

= 10W
8500 W

m2·K · 390mm2 for the lasers

= 3.02◦K for the lasers (A.32)

For the coupler we have to do two steps, after we have a mount in between radiator
and coupler. The first calculation step is between the mount and the coupler. For
the calculation the fins are omitted to make it easier, therefore we can approach the
problem the same way as the lasers on the radiator (with the same assumptions):

∆T = P

kW ·AB
(A.33)

= 30W
8500 W

m2·K · 720mm2

= 4.90◦K (A.34)

This is the temperature difference between the mount and the coupler itself, but still
we have to calculate the heat flow through the connector and the heat transfer to
the radiator. The first one can be done by using formula A.118:

Q̇ = λ · (A1 −A2)
s · ln

(
A1
A2

) · (TḊ − TU )

Thus we get the equation system

A1 = 720mm2 (A.35)
A2 = 2800mm2 (A.36)

λ = 235 W
m ·K (A.37)

s ≈ 50mm (A.38)
Q̇ = 30W (A.39)
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⇒

∆T =
30W · 50mm · ln

(
2800
720

)
235 W

m·K · (2080mm)
= 3.37 · 10−3 ◦K (A.40)

The second part can be calculated by

Q̇ = kW ·AB ·∆T (A.41)
⇒

∆T = 30W
8500 W

m2·K · 2800mm2

= 1.26 ◦K (A.42)

Finally we have to calculate the heat transfer between the cooler and the air flowing
through. For that we need again to do some preparational equations:

λL = 0.0262 W
m ·K (A.43)

Sk = 1mm (A.44)
dR = 1mm (A.45)
AW = 325 · 270mm2

= 87750mm2 (A.46)
tk = 30mm (A.47)
Nk = 125 (A.48)
dN = 2 · Sk (A.49)

= 2mm (A.50)

νL = 1.6 · 10−5 m2

s (A.51)

ū = V̇

Nk · tk · Sk
(A.52)

=
0.05m3

s
125 · 30mm · 1mm

= 13.3m
s (A.53)

L = 325mm (A.54)
AR = Nk · L · (2 · tk · Sk) (A.55)

= 2.48m2 (A.56)
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Re = ū · dn
νL

(A.57)

= 1.667 · 103 (A.58)

Nu = 2
√

4.3642 + (0.018 ·Re0.8)2 (A.59)
= 8.083 (A.60)

h0 = λL ·Nu
dn

(A.61)

= 105.9 W
m2 ·K (A.62)

µ =
2

√√√√h0 · t2k
λAl

·
2 · Lk

(
1 + dr

Lk

)
tk · Sk

(A.63)

= 17.10 (A.64)

ελ = tanh(µ)
µ

(A.65)

= 58.5 · 10−3 (A.66)
Q̇ = ελ · h0 ·Nk ·AR ·∆T (A.67)
⇒

∆T = Q̇

ελ · h0 ·Nk ·AR
(A.68)

= 120W
ελ · h0 ·Nk ·AR

= 62.53 · 10−3 ◦K (A.69)

A.6.1.2 Air flow resistance and restrictions, calculation for the first design

Even if the results for the temperature are quite promising, they can only be used
if the airflow is ideal. To calculate that we have to implement another resistance
network.
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PU

PF1

RPeltier

RCorner,1

RRadiator

RCorner,2

ṁ1

PU

Rinlet

Rair−channel

Rinternal

ṁ2

PF2

PU

PFPS
ṁ3

RPSout

PU

Figure A.4: Simplified air flow network for the laser assembly, symbol explanations
in table A.6
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PU Ambient pressure
PF1 Total pressure of inlet fans
PF2 Total pressure of outlet fans
PFPS Total pressure of power supply fan
RPeltier Flow resistance of the peltier radiator
RCorner,1 Flow resistance of the first corner
RRadiator Flow resistance of the radiator
RCorner,2 Flow resistance of the second corner
Rinternal Internal resistance of the laser assembly
Rinlet Flow resistance of the air inlet to the air flow channel

RPSout
Flow resistance at the flow outlet

of the power supply

Rair−channel
Flow resistance of the air channel inlet

to the laser chamber
ṁ1 Mass flow from backside inlet
ṁ2 Mass flow through the air channel
ṁ3 Mass flow through the power supply

Table A.6: Symbol explanation for figure A.4

Even if the resistors and pressure differences are shown in figure A.4, not all of
them can be calculated due to missing data. That is (at the current state) Rinternal
which only can be approximated, PFPS and RPSout , after no data about the power
supply cooling is available. For the fan PF1 the data from the datasheet [65] is used.
In this calculation the main concern is to provide the necessary amount of air flow
to the main radiator. Thus the necessary air flow mass will be set to 0.05m3

s , as it
is the same value as used in the thermic calculation in equation A.69. The resistor
RPeltier can be approximated by

∆pt ≈
ṁ2

2% ·A2 · 2 [66] (A.70)

with A = 10.0 · 10−3m2 as the air outlet from the radiators of the peltier cooling
system. Thus we receive

∆pt ≈

(
0.05m3

s · 1.29 kg
m3

)2

2%L · (10 · 10−3m2)2 · 2

= 32.31 kg
s2 ·m (A.71)
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For the first corner we approximate the pressure drop with

∆pC1 ≈
ṁ2

2 · % ·A2 · 0.25 (A.72)

while leaving all other parameters constant:

∆pC1 ≈

(
0.05m3

s · 1.29 kg
m3

)2

2%L · (10 · 10−3m2)2 · 0.25

= 4.04 kg
s2 ·m (A.73)

For the cooler itself we have to add up three different pressure drops: When the air
enters the radiator fins, during the fins, and when the air leaves the fins again. Thus
we get three formulas:

∆p1 = ṁ2
1

2% ·A2
R

· 0.25 (A.74)

= 28.72 N
m2 (A.75)

∆p2 = ṁ2
1

2% ·A2
R

· 0.3164
Re0.25 ·

L

dnR
refer to formula A.59 (A.76)

= 19.21 N
m2 (A.77)

∆p3 = ṁ2
1

2% ·A2
R

(A.78)

= 114.86 N
m2 (A.79)

AR = NK · sK · tk (A.80)
= 125 · 1mm · 30mm
= 3.75 · 10−3m2 (A.81)

ν = 15.11 · 10−6 m2

s (kinematic viscosity of air) (A.82)

L = 325mm (A.83)

dn = 4 ·AR
L

(hydraulic diameter) (A.84)

= 46.15 · 10−3m (A.85)

Re = v̄ · dn
ν

(A.86)

=
ṁ

%·AR · dn
ν

(A.87)
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=

0.05 kg
s

1.29 kg
m3 ·3.75·10−3m2 · 46.15 · 10−3m

15.11 · 10−6 m2

s
= 31.52 · 103 (A.88)

Therefore we get a total pressure difference ∆pR of

∆pR = ∆p1 + ∆p2 + ∆p3 (A.89)

= 162.79 N
m2 (A.90)

Finally one has to calculate the last corner:

∆pC2 ≈

(
0.05m3

s · 1.29 kg
m3

)2

2%L · (8.1 · 10−3m2)2 · 0.25

= 6.15 kg
s2 ·m (A.91)

and a total pressure the fans at the backside inlet have to produce in order to get air
in the necessary amount through the radiators:

∆pRT = 205.3 N
m2 (A.92)

This shows that the fans which are currently in use are way to weak both in static
pressure and in air mass flow, and have to be replaced with stronger fans. Now one
still have to calculate Rinlet, Rair−channel and Rinternal. Here we can use the formulas

∆pinlet = (ṁ3 + ṁ2)2

2% ·A2 (A.93)

∆pair−channel+internal = ṁ2
2

2% ·A2
g

(A.94)

Based on the results we got from appendix A.6.1.1 we decided for the next devel-
opmentstage to close the air channel between the electronics module and the laser
module, setting ṁ2 = 0. This leaves us with

∆pinlet = ṁ3
2% ·A2 (A.95)

This calculation is unsolvable for us after we do not know the data of the fan used in
the power supply. Therefore we also omit this calculation, and only need a ventilation
system for the laser radiator with the data from table A.7.
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Placement Amount Static pressure (total) Airflow (total)
Front 3 ≥ 50Pa ≥ 0.05m3

s
Back 2 175Pa 0.05m3

s

Table A.7: Fans needed for proper ventilation

A.6.1.3 Conclusion and results of the calculations

If comparing all thermal results while considering the airflow as ideal with the airflow
used in appendix A.6.1.1 and static pressure calculated in appendix A.6.1.2, we get
the following results:

Measurement point
∆T compared to

the air temperature
at the inlet point [◦K]

Temperature at 35 ◦C
inlet temperature ([◦C])

After the peltier radiators 4.17 39.17
Heating of the radiator 4.23 39.23

Temperature of the lasers 7.25 42.25
Temperature of the coupler 10.40 45.40
Temperature of the coil 6.56 41.56
Temperature of the

fiber mantle ≈ 1 approx43

Average temperature of
the fiber core ≈ 13 ≈ 48

Table A.8: Thermal results for the laser case
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Taking all the thermal maximum limits in account one can therefore say that at
the maximum power the maximum air temperature at the inlet can be 60 ◦C to
leave 5 ◦K as a buffer zone for the coupler to its maximum temperature of 75 ◦C.
This is not the expected temperature range, but in the further generations it will
be improved. Another possibility to improve the working temperature range is to
add an radiator at the backside of the coupler mount. The necessary calculations
are done in A.7.5 showing that alone the addition of an radiator could decrease the
temperature of the coupler by approximately 1 ◦K. Nevertheless this decrease is
unfortunately not enough for bringing the coupler down to an useful temperature.
The biggest problem in this case is still the too small area used for transferring heat
from the coupler to the mount. This problem can only be solved either by using a
peltier element or by using both sides of the coupler for mounting it. Furthermore it
can be noticed that if the problem with the high ∆T of both the small lasers and
the coupler, for example by using peltier elements, the laser case is able to handle
up to four times the current power input if the environmental temperature does not
exceed 50◦C.

A.6.2 Improvements of the package
A.6.2.1 Laser module

In order to make the setup described in the first steps more stable and more durable it
was decided to remove the peltier elements on the backside, and mount all lasers onto
the main radiator. This decision was also influenced by the result from the thermal
calculation of the radiator (eq. (A.69) and eq. (A.43)). Furthermore all lasers were
placed onto peltier elements in order to increase their operating temperature range.
The fiber is mounted onto a split aluminium coil, with an inner coil for the first laser
stage and an outer coil for the second aluminium stage. The laser compartment
is encased by an aluminium cage preventing water leakage from the outside, and
keeping the fiber and lasers protected from environmental influences. The fiber and
the wires are guided outside through a separated compartment in the aluminium
cage, providing an extra cover from the outside. This compartment can be seen in
fig. A.5.
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Figure A.5: Proposal for an improved build for the laser packaging, view including
the laser compartment

In this figure the small lasers are marked with an L, while the pumping laser is
marked with IPG. The laser fiber is marked with a black arrowed line. The module
itself is displayed as a 3d-model in fig. A.6.
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SolidWorks Studenten-Edition.
 Nur für akademische Zwecke.

Figure A.6: Laser module assembly for the packaging, 2nd generation

In this picture the IPG-laser is marked green, while the initial lasers are marked
brown. All lasers are mounted on peltier elements, also marked in brown. The
coupler between the first and the second stage is coloured yellow in this drawing.
Furthermore it has to be noticed that the fan placement is not final in this build.

A.6.2.2 Electronic module

As it can already be seen in fig. A.5 the power supplies for the laser are placed on
one side. For this design two waterproof power supplies are used, both capable of
delivering 600W at a voltage of 24V. While the first one is used for powering the
lasers and electronics, the latter one will be used for powering the peltier elements.
The electronics and the voltage converters used for regulating the operating voltage
are placed in a compartment above the laser, which can be seen in fig. A.7.
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Figure A.7: Proposal for an improved build for the laser packaging, view including
the electronic compartment

The electronics compartment is cut out of an aluminium block, providing ≈ 2.5cm
space for the electronics, and sufficient cooling for the DC/DC-converters. This
design can also be seen in fig. A.8.
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A.6 Assembled model

SolidWorks Studenten-Edition.
 Nur für akademische Zwecke.

Figure A.8: 3d-model of the laser packaging, 2nd generation, including the electronic
compartment

It is planned to use a raspberry pi as the main control station, but until now this
is only a proposal. Nevertheless this would allow the user to use a range of different
connection possibilities.

A.6.3 Further build options
In order to expand the possible packaging build options, a split design was also
considered, housing a part of the laser in a separate package. This can be an
advantage if the laser output has to be placed in an area without providing enough
space for the controlling electronics and proper cooling. This design will consist
out of a central coil, providing stability for the fiber, and a central cooling opening
through the center of the coil. Due to the early design stage no models will be shown
in this work, but it should be possible to mount either none, only the pump laser or
all lasers directly onto the central coil. In each case the cooling system has to be
fitted according to the emitted heat of the different lasers and fibers. One problem
of having a hole with cooling fins in the centrum of the mounting cylinder is that
it is quite difficult to manufacture. Nevertheless one possibility is the usage of a
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3d-printer using laser-sintering. Furthermore they are not completely calculated with
respect of cooling, but some approximations are shown in [67] and [68].

A.7 Derivation of the differential equation for the thermic
network

A.7.1 General calculation
This derivation is based on [63], chapter 2.

If a homogeneous body gets heated by the heat power P1(t), the body gets the
heat energy ∫

t1
t2P1(t)dt (A.96)

within the time intervall ∆t = t2 − t1. During this time the body gets heated by a
temperature difference ∆ϑ and stores a specific amount of heat

cw ·m∆ϑ (A.97)

Assuming the body was in equilibrium with the surrounding before the heating,
according to the second law of thermodynamics it will emit a certain amount of heat
energy in the same time ∆t, based on its difference temperature ϑ = ϑbody−ϑU . The
amount of energy can be calculated by

t2∫
t1

α ·Oeffϑ(t)dt (A.98)

Those equations (A.96, A.97 and A.98) combined result in

t2∫
t1

P1(t) =
t2∫
t1

α ·Oeff · ϑ(t)dt+ cw ·m ·∆ϑ (A.99)

Following [63] we get by reducing ∆t→ dt and ∆ϑ→ dϑ the differential equation

cW ·m
α ·Oeff

· dϑ
dt

+ ϑ(t) = P1(t)
α ·Oeff

(A.100)

To calculate this equation we can replace it with a electric replacement network
which is displayed in figure A.9.
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R

C

Figure A.9: Replacement circuit for simple thermal problem

The resulting differential equation of this circuit can be solved by the approach

R · C · d
dt
u1(t) + u1(t) = R · i1(t) (A.101)

By comparing equation A.100 with equation A.101, we see that we can rewrite
equation A.100 to

Wk · Ck ·
d

dt
· ϑ(t) + ϑ(t) = Wk · P1(t) (A.102)

This results in the following analogies:

ϑ↔ electrical voltage (A.103)
Pn(t)↔ electric current (A.104)

Wk =
(

1
α ·Oeff

)
(thermic resistance) (A.105)

with α as heat transfer coefficient and
Oeff as effective area

Ck = cw ·m (heat capacity) (A.106)

A.7.2 Steady state calculation
The equations above are useful if we are both interested into how the temperature of
the different materials evolve, and in the result. If we are only interested into the
result we can omit the capacitors, and take only a look at the resistor network:
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R

Figure A.10: Replacement circuit for simple thermal problem in steady state

This figure can now be solved by the much simpler equation

u1(t) = R · i1(t) (A.107)

A.7.3 Derivation of the thermic formula
In order to calculate

Q̇ = k ·A · (TQ̇ − TU ) (A.108)

with a given λ, a given distance s and two given surfaces A1 and A2, we have to do
some assumptions first. We assume that the temperatures TQ̇ and TU are constant,
and the same is true for the thermal current

Q̇ = q̇a1 ·A1 = q̇a2 ·A2 (A.109)

Now the area depending on z, i.e. the position within the body, can be set as

A(z) = A1 −A2
s

· z +A2 (A.110)

and combined with the formula for the temperature in dependance of the position
within the body

Q̇ = −A(z) · λdT
dz

(A.111)

⇒
dT

dz
= − Q̇

A(z) · λ (A.112)
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we obtain the equation series

Q̇ = k ·A2 · (TQ̇ − TU ) (A.113)
TQ̇−TU∫

0

dT =
s∫

0

−Q̇
A(z) · λdz from A.112 (A.114)

TQ̇ − TU =
k ·A1 · (TQ̇ − TU )

λ
·
s∫

0

dz
A1−A2

s · z +A2
(A.115)

TQ̇ − TU = k ·A1 · (TQ̇ − TU ) ·
s · ln

(
A1
A2

)
λ · (A1 −A2) (A.116)

⇒ k ·A1 = λ · (A1 −A2)
s · ln

(
A1
A2

) (A.117)

⇒ Q̇ = λ · (A1 −A2)
s · ln

(
A1
A2

) · (TQ̇ − TU ) (A.118)

A.7.4 Derivation of heat flow from the inside to the outside of a fiber
Before we can start to derive the heat transfer formula for the fiber (which will be
seen as ideal cylindrical shell in this case), we have to derive the formula for the shell
itself. For that we start with the steady-state-condition for thermal heat flow:

dQ̇(x)
dx

= 0 (A.119)
d

dx

(
λ ·AdT

dx

)
= 0 (A.120)

For a cylinder this can be written as (if only depending on a single coordinate)

λ
d

dr

(
A(r)dT

dr

)
= 0 (A.121)

or with the knowledge, that A(r) = 2π · r:

d

dr

(
r
dT

dr

)
= 0 (A.122)

Combined with the energy conservation law (Q̇in = Q̇out) we get

dQ̇

dr
= 0 (A.123)
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The heat transfer rate per unit length is therefore given by

Q̇ = −λ · 2π · r · dT
dr

(A.124)

Now we can integrate equation A.122 once

r
dT

dr
= c (A.125)

with c as the integration constant. This equation A.125 can also be rewritten as

dT = c · dr
r

(A.126)

or in dimensionless variables

dT = c ·
d
(
r
r1

)
(
r
r1

) (A.127)

with r1 as the inner radius. Integration of this leads to

T = c · ln
(
r

r1

)
+ d (A.128)

To find the constants c and d we have to find the boundary conditions. By setting
T = T1 at r = r1 we obtain d = T1. Setting T = T2 at r = r2 at the outer boundary
we obtain

T2 = c · ln
(
r2
r1

)
+ T1 (A.129)

c = T2 − T1

ln
(
r2
r1

) (A.130)

Thus we can get the temperature distribution by putting A.130 into A.128

T = (T2 − T1)
ln
(
r
r1

)
ln
(
r2
r1

) + T1 (A.131)

or in the generalized form
T − T1
T2 − T1

=
ln
(
r
r1

)
ln
(
r2
r1

) (A.132)

Thus the heat transfer rate both for the cylindrical shell and the fiber is given by

Q̇ = 2π · λ · (T1 − T2)
ln
(
r2
r1

) (A.133)
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A.7.5 Icreasing the thermal situation for the coupler mount
In order to increase the thermal situation for the coupler one can either add fins
directly on the mount or add a radiator to it. The first one is more effective, while the
latter is cheaper and easier to fabricate. Therefore both situations shall be calculated.
First the situation with the fins shall be calculated. For this situation it is assumed
that the fins act like an additional radiator, but without temperature border between
radiator and mount. Therefore we receive the following temperature network:

Tmount

RRad,F ins

TU

RRadiator

TRadiator

Figure A.11: Replacement circuit for coupler mount with attached fins

With this network one has to notice that TU < TRadiator, and therefore the heat
flow is not equally distributed. The formula for RRadiator is already known from
A.42, while for the first the formulas for the radiator (A.43 to A.69) are used.

λL = 0.0262 W
m ·K (A.134)

Sk = 1mm (A.135)
dR = 1mm (A.136)
AW = 120 · 59mm2

= 7080mm2 (A.137)
tk = 25mm (A.138)
Nk = 30 (A.139)
dN = 2 · Sk (A.140)

= 2mm (A.141)

νL = 1.6 · 10−5 m2

s (A.142)
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ū = V̇

Nk · tk · Sk
(A.143)

= V̇

30 · 25mm · 1mm

= V̇

0.75 · 10−3
m
s (A.144)

L = 120mm (A.145)
AR = Nk · L · (2 · tk · Sk) (A.146)

= 0.18m2 (A.147)

Re(V̇ ) = ū · dn
νL

(A.148)

= V̇ · 166.7 · 103 (A.149)

Nu(V̇ ) = 2
√

4.3642 + (0.018 ·Re(V̇ )0.8)2 (A.150)

h0(V̇ ) = λL ·Nu(V̇ )
dn

(A.151)

µ(V̇ ) =
2

√√√√h0(V̇ ) · t2k
λAl

·
2 · Lk

(
1 + dr

Lk

)
tk · Sk

(A.152)

ελ(V̇ ) = tanh(µ(V̇ ))
µ(V̇ )

(A.153)

Q̇(V̇ ,∆T ) = ελ(V̇ ) · h0(V̇ ) ·Nk ·AR ·∆T (A.154)

Now we have the relations

Q̇T = Q̇Radiator2 + Q̇Radiator (A.155)
Tmount − TU = ∆TRadiator2 (A.156)

= ∆TRadiator + ∆TMount,Rad (A.157)

By putting all the equations together, we get

30W = ελ(V̇ ) · h0(V̇ ) ·Nk ·AR ·∆TRadiator2+

8500 W
m2 ·K · 2800mm2 · (∆TMount,Rad + ∆TRadiator)

(A.158)

= ∆TRadiator2 ·
(
ελ(V̇ ) · h0(V̇ ) ·Nk ·AR + 23.8W

K

)
(A.159)

Now everything is depending on the available air flow. Some values have been
calculated, and are displayed in figure A.12
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Figure A.12: Transported energy per time in dependance of the air flow

By rewriting A.159 we get

∆TRadiator2 = 30W(
ελ(V̇ ) · h0(V̇ ) ·Nk ·AR + 23.8W

K

) (A.160)

This function can also be plotted using the values from figure A.12:
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Figure A.13: Temperature difference of the radiator in comparison with the air flow

If we consider the second case, i.e. with an attached radiator, we can add another
resistor in the network shown in figure A.11:
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Tmount

RMount,Rad

RRadiator2

TU

RRadiator

TRadiator

Figure A.14: Replacement circuit for coupler mount with attached radiator

While we can take the value for RRadiator from above (A.41) and for RRadiator2

(assuming it has the same value as calculated in A.154), we still have to calculate
the temperature drop over the connection surface. We assume that the radiator
is connected over the whole surface, i.e. A = 120 · 59mm2. Thus we receive the
equations

Q̇ = kW ·A ·∆T (A.161)
⇒

Q̇ = 8500 W
m2 ·K ·∆T1 · 7.08 · 10−3m2

= 60.18W
K ·∆T1 (A.162)

Here this equation can not solved yet, because we have to consider the relations

Q̇Mount = Q̇Radiator2 + Q̇Radiator (A.163)
Tmount − TU = ∆TMount,Rad + ∆TRadiator2 (A.164)

= ∆TRadiator + ∆TRadiator,Air (A.165)

This will result in the same result as shown in figure A.13 with a slight offset, after we
are adding now a constant resistance. Therefore this calculation will not continued
here.
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A.7.6 Derivation of basic pressure difference function
In order to calculate the air flow through something it can be useful to know the
pressure difference ∆p between the pressure at the inlet p1 and the pressure at the
outlet p2 of the body. To calculate this pressure difference one needs the resistance
of the body towards the air flow:

ṁ2
1

% ·A
+ p1 ·A = const. (A.166)

⇒
ṁ2

1
% ·A

+ p1 ·A+ FR = ṁ2
2

% ·A
+ p2 ·A (A.167)

ṁ2
1

% ·A
= ṁ2

2
% ·A

because mass conservation (A.168)

⇒
FR = A · (p1 − p2)
FR
A

= ∆pt (A.169)

This value can now be used in combination with the pressure curve from a fan which
tells us the air flow volume the fan can produce with this amount of static pressure.
Furthermore in [66] the resistance coefficients are given as ξ. The relation between ξ
and the pressure difference is

∆p = ξ%
v2

2 [66] (A.170)

ṁ = % ·A · v (A.171)

v = ṁ

% ·A
(A.172)

∆p = ξ · % ṁ2

%2 ·A2 · 2 (A.173)

∆p = ξ · ṁ2

% ·A2 · 2 (A.174)

ξ is depending on the specific body, and is given in [66].

A.7.7 Calculation of the air flow velocity
In order to calculate the air velocity based on a fixed mass flow ṁ and a given area
A we calculate

ṁ = dm

dt
(A.175)
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= % · dV
dt

(A.176)

= % ·A · dx
dt

(A.177)

= % ·A · v (A.178)
⇒

v = ṁ

% ·A
(A.179)
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A.8 Spectra
A.8.1 Supercontinuum spectrum, measurement
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Figure A.15: Supercontinuum measurement of different fibers
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A.9 Images

A.9 Images
A.9.1 Cape I

Figure A.16: Cape I, mounted onto the BeagleBone Black

A.9.2 Original ISA card
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Figure A.17: Originally used ISA card
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