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Abstract:

In this dissertation, we present a simple scheme for construction of a low noise continuous wave blue
light source by frequency doubling a Fabry-Perot diode laser in a potassium niobate crystal inside a
bow tie ring cavity. By feeding back the ring cavity transmission into the diode laser after reflection off
a grating, the diode laser operates in single mode and is frequency locked to the cavity resonance.
Using a simple analytic form of the beam parameters for the ring cavity, the optimum cavity
configuration is found for a high degree of mode matching between the diode laser output beam and the
ring cavity. The wavelength of the blue output is tunable from 484-488nm, has a narrow linewidth of
1.25MHz, and has a continuous tuning range of more than 10GHz. The output power of the blue light
is 18mW with intensity fluctuations less than 0.02dB. The blue light is a near diffraction limited
Gaussian TEM00 mode with M2~ Numerical simulation of the SHG is carried out by using the Fourier
space method, and the experimental results are in good agreement with the simulation.
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ABSTRACT

In this dissertation, we present a simple scheme for construction of a low noise
continuous wave blue light source by frequency doubling a Fabry-Perot diode laser in a
potassium niobate crystal inside a bow tie ring cavity. By feeding back the ring cavity
transmission into the diode laser after reflection off a grating, the diode laser operates in
single mode and is frequency locked to the cavity resonance. Using a simple analytic
form of the beam parameters for the ring cavity, the optimum cavity configuration is
found for a high degree of mode matching between the diode laser output beam and the
ring cavity. The wavelength of the blue output is tunable from 484-488nm, has a narrow
linewidth of 1.25MHz, and has a continuous tuning range of more than 10GHz. The
output power of the blue light is 18mW with intensity fluctuations less than 0.02dB. The
blue light is a near diffraction limited Gaussian TEMqo mode with M 2 =1. Numerical
simulation of the SHG is carried out by using the Fourier space method, and the
experimental results are in good agreement with the simulation.




CHAPTER-1

- INTRODUCTION

Existing léser sources, such as semiconductor lasers, gas lasers, dye lasers and
solid-state lasers, cover a V\./ide range wavelengths. But many practical demands from
physica}l, chemical and biophysical research, medical diagnostics and therapies, and
environmental monitoring, require tunable coherent light sources in new spectral regions
not accessible to these lasers. Examples include lithography and grating wﬁting in the
deep ultréviolet (UV) region, data storage and color display in the biue region, and
ranging and pollutant detection in the infrared region. Thus it is a matter of ;;ractical
importance.to wfdeﬁ the range of wavelengths generated by the existing laser sources.
For these applications, the desire;d fc;atures of the light sources usually include: high
power, single frequency operation, narrow linewidth, low noise; good beam quality,

tunability, compactness, low cost, diode pumping, all-solid-state construction for easy

maintenance, and often continuous wave (CW) operation.

Significant progress has been made in the development of nonlinear optical
materials for frequency conversion in recent years; a variety of new crystals with large
nonlinear coefficients, large size and good optical quality are commercially available.
Light sources based on nonlinear frequency conversion using these nonlinear rﬂaterials to
generate the desired wavelength have become practical and can meet those requirements,

and even are replacing some of the existing gas lasers that are inefficient and large.
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In addition, -uéing nonlinear frequency conversion can also generate squeezed light.
Squeezed state of light is a nonclassical state for which the variation in one of the two
quadrature-phase amplitudes of the electromagnetic field is less than Ithat of the vacuum
staée of the field. Therefore squeezed light is in some sense quieter than the light in the
vacuum state and hence can be employed to imprové measurement precision beyond the

standard quantum limits’.

Nonlinear frequency conversion

The basic principles of nonlinear frequency conversion are well known': when an
electromagnetic field propagates through a medium, the polarization of the medium can

be written as a power series of the input field E
P=g, 7" E+g,y® E*+e,4® E*+... 1.1
where &,is the electric permeability of vacuum, y®, ¥® and y® are the linear, second

order and third order susceptibility, and the corresponding terms are the linear, second
and third order polarization, etc. As an example, suppose that if two light beams, one at

frequency @, and another at @, , are propagating in the medium. The second order

polarization can be written as:

PP =g 4@ [";“ Ee™™ + %Eze_‘w +ecl? 12

We can see that the second order polarization will have frequencies at 20, 2m,,

@, — @, and @, +w, . Radiation at new frequencies will be generated. This second order _

’

term leads to the second harmonic generation (SHG), sum frequency generation,
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difference frequency generation and optical parametric generation (OPG). The third order

term produces frequency tripling, phase conjugation and four-wave mixing, etc.
The linear susceptibility ' is usually in the range of 1~10, 7® in 102~10°
m/V, and @ in 10%'~10"° m* V> To observe the nonlinear polarization, very intense

. light, such as that from a laser is required. Note that the absolute value of the second

order susceptibility z‘”is about 9 orders of magnitude higher than that of the third order

susceptibility 7@ . Thus many of the practical nonlinear frequency conversion light

sources are based on the second order effect, with the two most important categories

being SHG and OPG.

Phase-matching

To observe a significant amount of generated light, phase matching is of vital
importance. This can be explained as the followiﬁg: inside the nonlinear medium, all of
the induced polarization generated by the fundamental wave along its path will add
coherently, and at the output of the medium, if ali the waves are in phase, constructive
interference will occur, and the maximum effect is achieved. On the contrary, if the phase
of the generated wave adds destfuctively, the intensity will be diminished. A simple plane
wave mﬂysis of this nonlinear process will show that the power of the generatc;d wave
1

is’:

Po sin®(AkL/2)

. 1.3
(AKL/2)
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where phase matching Ak =k, +k, —k,(0=w, T ®,), with k,, k, being the wave vectors
of the input waves, k, the generated wave, and L the length of the nonlinear medium. In
general, because of the dispersion of the medium, the optical wave at different

frequencies will propagate with different phase velocities, so Ak #0.

‘One method to achieve phase matching is to utilize the birefringence of the

anisotropic crystal. In the anisotropic medium, the index of refraction for a wave at a

given frequency depends on the direction of propagation its as well as the polarization

direction. Thus if the waves have different polarization directions, it is often possible to

find a propagation direction along which phase matching is achieved.

The second method is called Quasi-phase matching (QPM)*. With no phase
matching, maximum amplitude of the generated wave is reached after a distance

I, where Ak-1_, =7 . After this distance, known as coberence length, the amplitude

starts to decrease because of destructive interference. But if the crystal orientation is
altered, and the sign of the nonlinear coefficient is reversed, so that the next component
of the generated wave is added with an additional 7z phase shift; then the constructive
addition continue_s and the generated wave continues to grow. The technique for creating
this kind of periodical domain inversion is known as periodic poling. The advantages of
the QPM method are that phase matching can be achieved at any wavelength within the
transparency range of the nonlinear material by choosing the correct period of the domain
inversion, and that the largest nonlinear coefficient can be utilized. These periodicaily
polled materials have been widely used for generating infrared light. But for generating

the visible light, the domain periods required are typically between 4 pm and 7 um,
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which are much smaller than that for the infrared, and are more difficult to fabricate
repeatedly®. Thus for visible light generation, periodically polled nonlinear materials are

still currently under development, so bulk crystals are still the main choice.

Continuous wave second harmonic generation

Second harmonic generation is the simplest and most familiar nonlinear interaction.
The first experiment “that ushered in the field of nonlinear optics™! was done in 1961 by
Franken et al.’. The early experiments were done with pulsed lasers, and the pulsed SHG
6

could yield very high conversion efficiency (close to 100%) and a high average power”,

due to the high peak power of the pulsed laser.

For CW operation, single-pass conversion efficiency is relatively low because of
the lack of high pt;wer. Resonant enhancement by an optical cavity can be used to
improve the efficiency. The high circulating fundamental light plus the small beam size
created by the cavity configuration can result in a high focused intensity, and therefore a
high conversion efficiency. If the nonlinear érystal is placed into the s.ame cavity with the
laser gain medium, this method is called intracavity frequency doubling. Many
commercial_green light sources at 532nm usé this method, with high efficiency over 60%

and high CW power (over 10W is not uncommon).

To double a monolithic laser, such as a diode laser, the nonlinear crystal is placed
in an external cavity, which is known as extracavity frequency doubling. The conversion
efficiency of doubling solid-state lasers or gas lasers can reach more than 80%. For

example, the highest conversion efficiency is 89% for doubling the Nd:YAG laser at
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1.06 ym , and the output power of the second harmonic (SH) light more than is 1TW’.
Solid-state lasers, such as the Nd:YAG usually have relatively high powers with good
spatial and spectral properties. The overall conversion efficiency of the laser is relativel}'l

low, usually within a few percents, and the wavelength tuning is limited.

. Direct frequency doubling a diode laser is more attractive and can benefit from
many of the desired characteristics of the diode laser. These benefits include: high
efficiency, compact size, low cost, a large \Xlavelength tuning range, etc. The efficiency of
direct frequency doubling a diode laser is lower than that of doubling a solid-state laser;
for example, the conversion efficiency is about 40% using a monolithic cavityg. Using a
master oscillation passive amplification (MOPA) laser, which has a much higher output
power, ‘th‘e efficiency can reach 5 8% with 1W of hafmonic lightg. In Table-1, some CW
SHG experiments are listed; the conversion efficiencies are calculated with coupled
fundamental power. The optical-optical efficienlcies,, which are calculated with the total
output pump power, are lower. One of the reasons for the lowered conversion efficiency
is that becaqse of the el’liptical output beam shape of laser diode, mode matching to the
- external resonant cavity is usually low. Using an anamorphic prism pair to change the

ellipticity and other optics costs additional loss of the pump light.

For efficient SHG, the diode laser must be single longitudinal mode with a narrow
linewidth, such as a distributed Bragg deflector (DBR) 1aser, a distributed feedback
(DFB) laser or an external-cavity diode laser (ECDL). However, these are relatively
expenéive aﬁd sometimes difficult to obtain in the desired wavelength range, especially

with high powers. As an alternative, high power Fabry-Perot diode lasers are much less




: ‘
expensjve and easily obtainable, although these lasers are usually multimode and the
linewidth of the individual modes is large (several tens to hundreds megahertz). The
difficulty becomes how to achieve stable single mode operation and a narrow linewidth
without losing a significant amount of the output power. dne approach to narrow the
linewidth is passive locking, in which the transmission from an external high-finesse
cavity is fed back to the diode laser'®. When tuhe frequency of the of single-mode free-
running diode laser is close to the cavity resonance, the laser frequency will jump to the
resonance and the linewidth is al_so reduced by up to three orders of magnitude. For a
multimode laser, to obtain single mode operation, the transmission of the extérnal
resonant cavity is fed back into the laser after reflecting off a grating. Besides the diode

laser operating in a single mode, the diode laser self-locks to the ring cavity resonance.

This thesis will describe a blue light source by frequency doubling a Fabry-Perot

diode laser in an e.xternal ring cavity using both cavity and grating feedback'"".

Qverview of the thesis

This thesis is organized in four chapters. In this first chapter we have presented é
short background of SHG. The external resonant cavity plays a significant role in SHG,
and the efficiency ciepends on the mode matching, éo the mode matching between the
diode laser and the ring cavity is discussed in Chapter-2. In Chapter-3, the SHG is
calculated using the Fourier-space method. Chapter-4 describes our blue light source by ,
frequency doubling an infrared diode laser, and the experimental results are compared

with the simulation in Chapter-3.




Table -1.1 CW SHG Experiments

Wavelength - . 5 , ' ' Conversion

(nm) Pump & Power Nonlinear Crystal Cavity SH Power | efficiency Reference
473 Nd:YAG 1.1W KNbO; 5 mm Semi-monlithic 500 mW >81% B

. 532 Miniatore NOYAG | MgO:LiNbO; | g . e 1L1W  89% 7

1.64 W 7.5 mm_ ‘ .
532 Nd:YAG 175 mw | MEOLNDO; | Standingwave [ ) o 82% o
, 7 7.5mm monolithic :
532 Ar*laser 1 W MgO:LiNbO; Ring 0.5W 70% 15
] 7.5 mm
540 Nd:YAG 0.7W KTP 10mm Ring 560 mW 85% 16
Intracavity doubled . , 17
266 NA:YVO, 500mW BBO 12mm Ring 100mW 22%
. Periodically poled . 18
532 Nd:YAG 6.5.W LiNbO. 53mam Sllngle pass 2TW 42%
External-cavity diode : . 19
427 laser 70 mW__ . KNbO; Qmm Ring 7.8 mW 734%
429  AR- coated Diode KNbO; 6mm | Monolithic ring 14 mW 20% 20
laser 80mW ) ,
Single mode diode e
428 160 mW KNbO; 6mm Monohthlc ring 41 mW 40% \ 8
465 MOPA 4W LBO 4 mm Ring 1w 58% 9
- ' Exfemal—cavity . ' 91
390 tapered diode 1W BBO 18mm rlng 233 mW 3?%

403 MOPA 400mW LBO 16mm . Ring 98 mW 25% 2
486 MOPA 740mW KNbO; 6.5mm Ring 156 mW 40% 2
532 0-DFB 350mW KTP 10mm Ring 120 mW 34% 2

7 Single mode diode o . 25
421 ' 100mW KNBO; 5mm Ring 6.7mW 11% |
392 External-cavity Ring 20% 2%

tapered diode 1W

BBO 5mm

100mW
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avoided. Second, a uni-directional traveling harmonic wave is produced inside the cavity,

which is convenient for output coupling.

Mode in a bow tie ring cavity

To maximize the efficiency of the frequency doubling, knowledge of the exact
beam waist size and location inside the crystal is necessary>. Such analysis is usually

carried out using the ABCD law and the self-consistency postulatezs’zg.

Usually the bow tie ring cavity will be symmetric, with & being tﬁe incident angle
of the beam on the curved mirrors, and R the radius of the curved mirrors. As illustrated - .
-in Figure-2.1, the distance between the two curved miﬁors is L, while the distance
between the two curved r;iirrors via the two plane mirrors is P. Thus the total cavity path

length is L+ P.The complex beam parameter g(z) at position z in the cavity is

determined by the ABCD law for the resonator and the self-consistency postulatez’3:

_ A(z)q(z) + B(z)

q('z) C(2)q(z)+ D(z) >
where A, B, C and D are the componenfs of the ABCD matrix that describes one
complete round-trip @nside the cavity. The roots of the resulting quadratic equation of
Equation-2.1 are:

" ap Tag WA-DIABC 2

Without the crystal inside the ring cavity, the ABCD matrix for a point at distance

z, from M4, can be expressed as:




Lo L (- S per s Lo
T e g T s g e e T

11
fez_fe(221+P)+ZrP j;:z(zl+Z2+P)_fe[zl(222+P)+Z2P]‘+ZIZ2P .
|4 B|_ fe2 fez ‘ ’3
C D| P-2f 1. = f.(2z, + P)+ z,P -
er s ‘ fEZ

where z, =L—z,,and f, represents the effective focal length for the horizontal plane
Jf, or that for the vertical plane 7
At the beam waist, ? 18 a pure 1maginary number, so D = A. Using the
q) . : : :
expression for D and A from Equation-2.3, yields z, =z, , which means the beam waist
is at the center between the two curved mirrors. This is consistent with the symmetry of

the cavity. With z, = zz‘ =L/2, the beam radius @ is:

) _/1_-\/_4fe?(L+P)—2fe-L-(L+2P)+L2P o4

w =
2T P-2f,

It is well known that a spherical mirror used at oblique incidence focuses veftical
plane ray bundles at a different location than horizontal plane ray bundles. This is

manifested in two different effective focal lengths f, and f,, where*

_f
J,c'y " cosd 2.5
f.=fcos@ '

with f =R/2.

T

~ With equation-2.4 and 2.5, the beam waists for the horizontal plane and the vertical

plane are:
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2 A-f [1-2-cosf ‘ ‘
=2 [2-(1+ p)-cos@—1- 2.6
* 2.7 \ p—2-cos@ [2- @+ p)-cos ] _ a

@,

2':/1-]”_ [-cos@—2
> 2. Vcos@-(p-cos@—2)

@, 12-U+p)-1-p-cosb] 2.6b

Here [ = % and p = i} ,sothat L and P are normalized to f .

By using Gaussian beam propagation through a thin lens, we found that the second
beam waists for the horizontal and vertical planes are located at the center of the plane

mirrors, and the sizes are:

s A-f |[p—2-cosf ‘
Wy, = . ‘12-(I+ p)-cos@—1I- 2.7
0x 2.2 VI—2.cosf [ (I+p)-c P] a
2 A-f | p-cos@-2
W,y = . 12-(I1+p)-1-p-cosd 2.7b
o \/cos&-(l-cos@—Z) [ @+p)-t-p ]

Comparisoh of Equations 2.6 and 2.7 reveals that the result is just the exchange of

I and p ; this is also consistent with the structure of the cavity. In Figure—2.2 we plot the
calculated beam waists in the ring cavity as a function of mirror separation p and I. We
can see from the plot that @,, and @, are generally smaller than @,, and @,y , and the
large beam waist is elliptical. By choosing the parameters [, p and &, we can make thé

small beam waist circular. The sizes of the cavity beam waist are proportional to JR as

shown in Equation 2.6 and 2.7.
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small variations of the parameters. As in reference [28], the mode spot size stability can
be calculated using:

1 dw
it 2.10
@ Jdx

where @ is the beam waist size, either @,, , @, , @y or @, ,and x is one of the

parameters, either p,lor 6. From the derivatives for @, ,®,,,®,, and @,, and Figure-

2.2, it is easy to see that when p and [ are in the center of the stability region, the

changes are small, and the most critical parameter is the distance /.

Mode with the crystal

If a crystal is placed between the two spherical mirrors, the effective length
between the two spherical mirrors is changed. In addition, the crystal will need to be
rotated to achieve phase matching (see Appendix C). Since we will rotate the crystal in
the horizontal plane, the tilted crystal will act differently on the horizontal and the
vertical ray bundles. Thus the effective distances which the rays propagate in the‘

horizontal and the vertical plane are different ', and are given by:

_t-n’(1—sin’ @)
x (n2_sin2'¢)3/2

d. = d

T n?—sin®¢

The derivation of equation 2.11 is given in Appendix A. Herer is the refractive index of

2.11

the crystal, ¢ is the incident angle on the crystal, ¢ = % ,and T is the length of the




16
crystal. Note that d, and d, are still normalized to the focal length f as before. Thus the

effective distances between the two spherical mirrors in the horizontal plane and the

vertical plane are:

2201 il -2
lx=l+t n*(1—sin ¢)_t\/m_ tsin“ ¢

2 X
(n* —sin® ¢)*'? n* —sin’ ¢

t - : tsin’ ¢
o=lb——t i sin?g- P
’ Jn’—sin’¢ \Jn’® —sin’ ¢

Therefore the beam waist sizes with the tilted crystal can be obtained by replacing-

2.12

[ in equations 2.6a and 2.7a with/, and also by replacing /in equations 2.6b and 2.7b by -
I,. The location of the larger beam will always remain at the center between the plane

Iﬁirrors, and that of the smaller beam waist will locate at the center of the crystal when
the crystal is placed halfway between the spherical mirrors. When the crystal is moved
from the halfway point between the spherical mirrors, the loqation of the smaller beam
waist will -also move away from the center of the crystal. The smaller beam waist should
be located at center of the crystal to maximize the nonlinear conversion efficiency,

especially for a tightly focused beam.

As shown in Figure-2.4, if the crystal is placed a distance A from the center

between the two curved mirrors, the beam waist will locate at a distance x from the

center of the crystal. It is easy to show that if A<d, /2, where d, represent either d_or

d ) the beam waist will locate inside the crystal, and

x=22A ' 2.13
d i

e
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Mode matching between the diode laser and the ring cavity

From Equations 2.6 and 2.7 and Figure-2.2, it is easy to show that the beam waist
between the two plane mirrors is larger and elliptically shaped.‘The output beam of a
diode laser usually has an elliptical Gaussian shape, so the focused be@ waist will also -
be elliptical. To mode match the diode laser output beam to the‘ extemai cavity, an
anamorphic prism is often used to reduce the ellipticity. But the anamorphic .prism will
introduce insertion loss and unwar_lted back reflection into the laser, which can cause
instability of the diode laser. A better way to efficiently mode match the diode output in'to
the ring cavity is to adjust the parameters of fhe ring cavity so that the sizes of the larger
elliptical beam waist of the ring cavity are the same as those of the focused dic;de laser
output beam in both the vertical and horizontal plane. And at the same time, the smaller

beam waist can be circular for efficient SHG.

Assume that the beam waists are @, and a)‘y) at the output of the diode laser for the

horizontal and the vertical plane. If two lenses, with focal length f, and f, respectively,

are used to focus the beam into the 'ring cavity, illustrated in Figure-2.5, the separation of

the two lenses is f; j‘l—+ f» with d the distance between the first lens L1 and the
A

(@)’

diode laser, it is easy to show that when d — f; >> ; the focused beam waist sizes

after lens L2 are:

wfzif_z_d—_oﬁ
T f,

13

i=x,y ) 2.16
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Figure-2.6 (a) plots the solution of / and p as a function of incident angles @. At
each angle, the beam waist sizes are also determined. The horizontal beam waist size

@y and @, are plotted in Figure-2.6 (b). The vertical beam waist size of oy and @,

which are also determined by Equation-2.16 are omitted for simplicity. The mode spot
size stability for both beam waists in both horizontal and vertical planes are calculated
using Equation 2.10. In Figure-2.6 (c) the mode spot size stability with respect to the
distance I are plotted. In Figure-2.6 (d) the mode spot size stability with respect to the

distance p are plotted. The parameters in our calculation are: A = 1um, R =20mm .

We can see from (c) and (d) that the mode spot size stabilities with p are one order
of magnitude smaller than those with 7. Therefore our primary concern is for the mode
stability with {. Looking at Figure-2.6 (c) it is clear that a larger folding angle is
preferred for smaller mode size stability values. We chose to operate with an incident
angle #=22.5°. This choice has séveral benefits. First, the mode spot size stabilities for /
are low. Second, the value of p is also reduced, which shortens the fotal cavity length,

and increases the free spectral range (FSR) of the cavity.

From these plots, we can see that by adjusting the parameters of the ring cavity we
can obtain the desired ellipticity and can match the output of the diode laser to the cavity
mode without an anamorphic prism. In addition, by a judicial choice of @, other benefits

of good mode stability and larger FSR can be obtained.
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CHAPTER 3

SHG CALCULATION USING THE FOURIER-SPACE METHOD

Though the SHG is the simplest nonlinear process, the interaction can be complex.
Obtaining acéurat? results of the SHG is difficult because there are many effects that will
complicate the calculation. These effects include the following: |
a) The fundamental beam is usually tightly focused to a small diameter in order to

increase its intensity and hence to achieve a higher efficiency. Therefore the intensity
profile is not uniform but has a Gaussian or other compléx distribution. Thus the
_ intensity profile and diffraction effects cannot be ignored.

b) When birefringence is utilized to achieve phase matching inside the birefringent
medium, the wave vectors of the fundamental and the SH wave are in the same
directién,'but the Poynting vectors of the corresponding fields are not. Thus the beams
will separate fré)m éach other as they travel through the medium, and the nonlinear
process is diminished. This effect, known as “Poynting vector walk-off”, will be an
importaﬁt féctor and will limit the efficiency of the SHG and affect the waveform of
the SH wave.

c) With the availability of high power lasers, the large enhancements of the external
cavities, and the availability of large nonlinear coefficient crystals with relatively large
sizes, the convérsion efficiency can be high. Therefore the effect of beam depletion

has to be considered.
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d) Because each plane-wave component of the waves has different refractive index in the
birefringent nonlinear medium, phase matching cannot be achievedsimulténeously for
all the plane-wave components. Tﬁus the phase matching condition can be much

different from that given by the simple plane-wave analysis.

Besides calculating the conversion efficiency, we need to know the transverse beam
profile of the generated SH wave, and to evaluate the beam quality when the effects

mentioned above can complicate the waveforms of both waves.

When some of the above mentioned effects could be ignored, analytic results can
be obtained. For example, the plane-wave model for calculating the SHG is valid when
the diffraction and the walk-off can be ignored. Boyd and Kleiman calculated the SHG
~ process including walk-off and'diffraction of the fundamental wave but the depletion is
ignored33. These calculations concentrate on the conversion, but the beam p'rofileé for the

SH wave were not calculated.

To include all these effects and to calculate the beam profile, numerical methods
are necessary. Several computation metflods have been proposed*****®*’_ One numerical
method is the Fourier-space method®®?7, first proposed by Sheng and Siegman. Arisholm

.extended this method to the biaxial crystal. In this method, the electromagnetic waves are
decomposed into the plane-wave eigenmodes of the birefringence crystal, and then the
coupled nonlinear differential equations for the slowly varying amplitudes of each plane-
wave are solved. The walk-off and the phase mismatch of the different plane-wave
components are associated with the birefringence of the crystal. Thus by including the

exact refractive index associated with each plane-wave, these effects are included in the
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coupled differential equation. But in their papers, REF[36] and [37], the coupled
differential equations for the SHG are not exact and phase mismatching is not discussed.
It is known that for the SHG with focuéed Gﬁussian beams, the maximum conversion
efficiency does not occur at the phase matching condition Ak =0, but at a Ak larger than

ZEro.

First we will give a rigorous derivation of the coupled differential wave equations
for the SHG. Then the procedures to solve the equations by Runge-Kutta method and

simulation of the SHG are deséribed, and the results are given.

Mathematical development

The electromagnetic field propagating in the z -direction can be written as:
E(x,y,2,8) = %(éE(x, y,2)e @ 4 cc) 3.1

¢ is the polarization unit vector of the electromagnetié field. E(x,y,z) is slowly-varying

along the z -direction, and can be transformed using the two dimensional Fourier

transformation>® >%:

1
(27)*
.\g(kx ,ky , Z) — e—isz (kx,ky)—k]z J.j‘dxdyE(x, y, Z) . e—i(k,x+kxy)

E(x,y,2)= [ [d,dkc @ (K, K, z)e™ 50 githrrten

3.2

withk, (k,.k,) =Jk2(kx,ky)—(kx2 +k,"), and k(k,.k,)=n(k,,k,) 27/ A, A is the

wavelength in free space, and n(kx,ky) the refractive index, which is depeﬁdent on the
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_ direction of propagation and polarization, and k =n27z/A, with nthe refractive index for

a plane wave propagation in the z -direction.

Starting from the Maxwell’s wave equations in nonmagnetic media:

3.3

- = ‘ g azﬁ > Y, ,t azﬁ s ) ,t
V2B 3, 20) = (V- B y.z.0) -y b2y, S T B 20

" Eis the electromagnetic wave inside the crystal consisting of the fundamental wave and

the SH wave:
E(x,y,2,8) = %(é1 E, (x,y.2)e" ™) + ¢ E, (x, y.z)e PR 4 ey ) 34
' ‘ 27 @ 47 20 . )
where k, = —[n , ky = 7n , Ais the wavelength of the fundamental wave, n“ and

nz“" are the refractive index inside the crystal at the fundamental and the SH frequency.

To achieve the phase-matching condition, the fundamental wave and the SH wave
will have orthogonal polarizations. Thus é is either one of the two eigenmodes
polarization directions for the wave propagating in the z -direction. Thus the vector

nature of the electromagnetic waves can be simplified as discussed in Appendix-B.

In Equation 3.3, the linear polarizations are:

—i(a)jt—ka)

— 1 .
PLj (x,y,2,t)= -2—(e jPLj (x, y.z)e +cc)
3.5
1 ~ i oKy )k 12 i(k x+
Py 30 =5 5 [ fdie.de,n? (k))& (ke 2)e ™55 gl

with j=1 and 2 for the fundamental wave and the SH wave respectively.
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The nonlinear polarizations. are: I3NLj =& ,Py,;,withj=1and 2. Because of the phase

matching, only the nonlinear peolarization along the electromagnetic field needs to be

considered. For tﬁe fundamental wave:
PA{Ll (x,3,2)= 280dejfEl* (x,5,2)E,(x,y,2)

1 P i[klz(kmky)_kllz ik xtk, '
=2€d {a;)—z— dekxdkyel (k,.k,,z)e | ' . glUcmtk y)'

3.6
-1 ; ~ Uy, Gy ybole ik
'{(27:)2 [ [k dk 2, k.., 2)e | - gikerke)
1 = il (k) )12 ik, by)
o [t Pt 0 s
B (k. k. ,2) =26, & (—k, —k ,z)e Tt @5 (k k., z)e et Tk
NLI\Vxsfy 0%eff *1 x y 2\%x2 Ty
® denotes convolutionﬁ, and d .. is the effective nonlinear coefficient, diséussed in
eff )
Appendix-C.
- And similarly for the SH wave:
Py, (x,y,2)= godeff'[El (x,y, Z)]Z
2
_ 1 ~ ik, (ke )z ik xth,y)
—8odeﬂ'[-(27)zjjdkxdkyel (k,.k,,2)e gtk | 3.7
1 5 il U by k)2 i xkyy)
=G [ [ak.dr, By, k., 2)e - g ety

g -~ ik (ke sky =Kz ~ ilky; Ckyoky )=k ]2
Pk, k. 2)=€dz €k, k,,z)e 7 7 @e(k,,k,,z)e

Plugging Equation-3.6 and -3.7 into Equation-3.3, and using the slowly varying

amplitude approximation, we found the coupled differential equations for the two beams:
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9 kky2) . 0 1
0z Tk,
~* —ilky, (ky by Ky ] ~ iLky, (ks ky )=k
[ ke e e @2, K,k 2)e ek

s 2
9, (k, ’ky i Z)_ =i2 @ 1 etz pilla—ka, )2
g 2
oz ¢’ k,,

~ ilk, (kyiky )~k ~ ik, (ky ik, )k
[el (kx,ky,z)el[ 12 (Rooky )k 12 ®el(kx,ky’z)el[ 12 (ke oky ) A]Z]

-itkz ik~ )2

3.8

where Ak =2k, —k, =47”[n“’(kx =0,k, =0)—n*(k, =0,k, =0)].

Because of the small walk-off angle the longitudinal components of the

electromagnetic waves are ignored as discussed in Appendix-B

As discussed in REF[5], one doesn’t need to assume which one of the fundamental

and the SH waves is e-wave and o -wave (or fast-wave and slow -wave); the
birefringence properties of the waves are included with the dependence of the refractive

index on the propagation direction; i.e. n= n(k,.k,) .

Numerical simulation of SHG in a KNbOs crystal

For the wavelength near 970 nm a-t room temperature, the phase matching condition -
is achieved when the fundamental beam is propagating in the X-Y plane and the
polarization direction is also in the X-Y plane. The polarization of the generated SH wave
is in the Z~direction. This configuration gives the maximum effective nonlinear

coefficient d,, and the smallest walk-off near 970 nm at room temperature. The walk-off

is in the horizontal plane and walk-off angle is p =0.0094. The walk-off is discussed in
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In the following simulation§, we will assume @, , =@, , =@, and [, =1, =1
for simplicity. For each of the waves, usually the transverse field at position z is
represented by a 256X256 matrix.with @, /8 resolution..The z -direction is usually sliced

to 16 sections, within each section, the wave Equation-3.8 is solved by the fifth-order

Runge-Kutta method®; At end of each section, with the SH wave E*? calculated, the

E??is then fitted to the Gaussian distribution:

|E2a)(x y)|=E exp"_(x—xp)z_(y_-yp)2 ' 311
, 0 0.2(2) a)y2(z)

with @, (z) and @, (z) the beam waist in the horizbntal and the vertical plane, x ,»Y, the

peak position and E, the amplitude. '

We can use a smaller matrix to represent the transverse electromagnetic field when
the fundamental wave has a larger beam waist. For example, a 128X 128 matrix with
@, /6 resolution can be us.ed for a fundamental beam with a waist size of over 20 um .
The number of slices in z -direction is determined by the interaction strength of the SHG.

A good indication of the strength is the interaction length*’, defined as ‘

L 3.12
27m-d 4 E,

For a plane wave fundamental light with amplitude E,,, 58% conversion efficiency will be

reached over this interaction length. Although the conversion efficiency is lower for the

Gaussian beams, L, is still a good indication of by the interaction strength. With the
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In Figure-3.5 (b) the normalized SH power with Ak for different beam waist sizes

is plotted, and the sinc®(AkL, /2) function of the plane wave model is also plotted for
comparison. We can see that for smaller beam waists the shapes of the P, —Ak curves
are different from that of the sinc®(AkL,/2) function, and at large Ak the SH power

goes to zero slowly instead of oscillating like the siricz»‘(AkLc /2) function. The
Bandwidth of Ak for the SHG with a focused Gaussian beam is aléo larger than that of the
sinc? (AL, /2) function. Thus the specfral, angular and temperature bandwidth will be
larger than those predicted by the plane wave model. It is easy to show that for a
funda1"nental beam with 12.4 m waist si_ze, those bandwidths will be 79% bigger, and for
that with 19.6 um waist size, 35% bigger, than tﬁose given by the plane wave model.
When the beam waist is not located at the center of the crystal these numbers will be

changed too.

In the experiments, to achieve the-maximum conversion efficiency with a nonlinear
crystal of alength L, We need to find the optimum beam waist size. In Figure-3.6, the SH
power is plotted with the iﬂput fundamental beam waist sizes for a crystal length of
3.2mm, and the fundamental power is 3.6W. A maximum SH power is achieved when

@,=10.9 um and the waist is at the center of the crystal, which is slightly bigger than the
value of @,=10.3 um predicted by the Boyd-Kleinman theory. The optimum beam waist

also depends on the waist location as shown in Figure-3.6. Also we can see that the
location of the beam waist can greatly affect the conversion efficiency. Thus it is

necessary to find the dependence of the SH powers on the beam waist location.
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In the external resonant cavity, the beam waist location is determined by the
position of the crystal inside the cavity, thus we need to find the SH power’s dependence

on the position of the crystal. According to Equation-2.11 in Chapter 2, the beam waist

location from the center of the crystal is x= :TZA , and for small incident angle ¢ ,-

x=nA . Thus for a 12.4 um input beam waist, a positioning accuracy of better than 0.7
mm is required for a 3.2 mm long crystal to have a conversion efficiency within 50% of
the peak value. From the above plot we can see that although the SH power of a

12.4 um beam waist is about 43% higher than that of 19.6‘ um , the SH power is lvery
sensitive to the position of the crystal. This is one of the important factors that need to be

considered when we design a SHG system.

Beam profile and the beam quality of the SH wave

20
out

Once the electrofnagnet_ic field at the output of the crystal surface £, is known, the

far field pattern, astigmatism and the beam propagation factor M * can be calculated. The
far field pattern of the SH light can be calculated using the Fraunhofer’s diffraction
equationG:

ko2 a2y -
ikz tz—z(x ) e

: 27
U y)=—"— j_£V<§,n) exp[_%(x& yn)}dfdn 3.14

where U(x,y) is the far field distribution, V (&, 1) is the field distribution on the crystal

output surface, and z is the distance between crystal surface and the observation plane.

Thus the far field paittern is:
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distribution. Thus the far-field distribution of the SH wave can be considered as a good

Gaussian distribution.

To calculated the beam propagation factor M ?, we need to focus the beam, and
measure the beam diameter at different positions including at the beam waist, then fit

these data points to the Gaussian beam propagation equation*?:

_ 2
w(z)=w01,f1+(—zz2—“) 3.16
20

with the Rayleigh range

‘= 7wy
M4

3.17

and M ? is the beam propagation factor.

"This process is simulated by the following procedure: Because the output properties

of the SH wave is completely determined by the electromagnetic field at the crystal

output surface E,, , the field E2¢ can also be considered as generated in an isotropic

out ? out

medium with a refractive index of n**. The beam is then propagated from a beam waist

with the effective waist sizes of @y and gy for the horizontal and the vertical plane,

and the beam propagatidn factor M * can be calculated. The field E 2% is back-propagated

toward its beam waist. The electromagnetic field at different positions and the waists

@(z) for the horizontal and the vertical planes are then calculated. @y, M* and 7z, are

then calculated by fitting @(z) to Equation-3.16.
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Though the beam depletion effect has been considered, the simulations we
presented so far are in the low conversion efficiency region. At high conversion
X 3

efficiency, the results can be much different.
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CHAPTER 4

. CONSTRUCTION OF A BLUE LIGHT SOURCE BY SHG

Thg initial motivation of our experiment carhe from the need to construct a blue
light source in the 484nm-488nm region for spectroscopy. The requirements include: a
few milliwatts of output power, low intensity aﬁd frequency noise, good frequency _
stability, diffraction-limited spatial mode, and a largé mode;hop free scanning range of
over 10GHz. Compact blue light sources are of great interest for a number of
applications. Beéaﬁse the blue tht has a shorter wavelength compared with red and
infrared light, a smaller spot size can be achieved. Thus higher density ip data storage and
higher resolution in high-end printing can be reached. In color displays, red, green and
blue afe the basic colors, of which red can b‘e generated by diode lasers at around 620nm
and green by frequency doubled Nd:YAG lasers, but low cost stable blue lasers are still
under development. In medical diagnostics, lasers at 488nm are the light sources used in
the flow cytometer analysis. Semiconductor lasers operating at such wavelengths are the
idéal choices because they could be effiqient and have potentially low cost. However
current blue-emitting Ga-N based diode lasérs are limited in wavelength (390nm-420nm),
power (<10mW) and lifetime. Frequency doubling an-infrared diode laser provides a
good alternative and offers several advantages to other ty[;es of light sources at this blue
region. As discussed in the Chapter 1, these advantages include: high efficiency, high
available power, large wavelength tuning fangg, good reliability, compact‘ness, and low

cost.

8 i
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without any special preparation. The threshold current is 18mA, and the maximum output

power is 200mW at a 250mA injection current.

The spectrum of the diode laser is shown in Figure-4.2 (a) for the diode laser with
an injection current of 240mA.The FWHM of the main mode is about 1.3GHz measured
using a Fabry-Perot interferometer with a free spectral range (FSR) of 38GHz and a
finesse of 61 as shown in Figure-4.2 (b). The measured frequency tuning of the diode
laser by current is 1.65GHz/mA. The emitting dimensions are 3 m X1 m . Because the
spatial mode matching to the external cavity is important, the output beam waist and the
astigmatism of the diode laser were carefully measured. The measured beam waists are

0.78 pm and 1.9 um for the direction vertical to the junction and parallel to the junction,
with an astigmatism of 6.7 ym . The direction of the polarization is along the junction,

and the extinction ration ratio is 100:1 as specified by the manufacturer.

The doubling nonlinear crystal is a 3.2 mm long b-cut KNbOs3 crystal, which has a
relatively large nonlinear coefficient (see Appendix C). Near 970nm, non-critical phase
matching, which means the beam pré)pagates' along the principle axis and the temperature
of the crystal is changed to meet the phase matching condition, requires cooling the
crystal to about -16°C. Thus we chose to use critical phase matching, which means the
angle of the crystal is changed to meet the phase matching conditioﬁ. The angle of

incidence on the crystal is about 40° at 25°C, and the walk-off angle p between the
fundamental light and the generated blue is calculated to be 9.4 mrad. The effective

nonlinear coefficient is d ,=12.5pm/V.
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The diode is placed so that the polarization of the output beam is in the horizontal
plane. As discussed in chapter 2, we used two lenses, L1 ( f=4.5mm 0.55 NA) and L2

( f =38.6mm) separated by 400mm to focus the 6utput beam into the large beam waist

and correct the astigmatism of the diode laser. By finely adjusting the position of the lens
L1, we have a focus in both the vertical énd horizontal direction located aboﬁt 510 mm
\

behind the second lens; the beam waist is 69 um for the horizontal and 194 um for the

vertical directions, respectively.

The external cavity is a bow tie ring cavity, and the radius of the spherical rﬁirrors
is 25mm. The first plane mirror (M1) has a reflectance of 97% at 970nm, and all other
three mirrors are high reflectors with reflectance greater than 99.3% at 970nm. The ,.
transmission loss of the SH output mirror M4 is measured to be 30% at 485nm. Of course
a higher transmission is desired to reduce the SH loss. The KNbO;3 nonlinear crystal
antireflection coated for 968-976nm is placed at the midpoint between the two spherical-
mirrors, where the smaller beam waist is located. The temperature of the crystal is

stabilized to .within 0.1K using a TEC.,

The distance between the two spherical mirrors is 31.2mm, and the distance
between the two spherical mirrors via the plane mirrors is 111mm. The incident-angle on
all four mirroré is 22.5°. Using Equations 2.6 and 2.7, we calculated that the large
elliptical beam waist is 69 g (horizontal) and 194 um (vertical) between the plane
. mirrors for efficient mode matching the diode output, and a small circular beam waist of

19.6 um insidé the crystal. This 19.6 m beam waist is bigger than the optimal beam

waist size for a 3.2 mm long crystal, which is 10.9 gm from the simulation in Chapter 3. It
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is determined by the radius of the spherical mirrors as we can see from Equations 2.6 and-

2.7. The total optical length of the ring cavity is '145mm, which gives a free spectral |

range (FSR) of 2.07GHz.

The reflectance of the coated KNbOs crystal surface was measured to be 6.48% at
40° incidence at 970nm. The absorption loss at 970nm inside the crystal is about 0.3%,
estimated from the given values of the manufacture. Without the SHG, the power
enhancement factor & and the finesse F of the cavity can be calculated usiﬂg the
equations:

1-R,

(1—1/1121.(1—1:))2

po mARA-D]"
1-[r a-p)}"

o=

4.1

where R, is the.reﬂectance of the input mirror M1, and L describes all linear losses in the

cavity exclusive of that of the input mirror. Using the above numbers, the calculated

power enhancement of the cavity is about 36, and the finesse of the cavity is about 107.

Thus the linewidth of the eiternal cavity is 19.3MHz. Compared with the linewidth of the

diode laser, which is1.3GHz, and the spectrum in Figure-4.2 (b), which has a small side
mode suppression ratio of less than 10dB, we will have to significantly narrow the

linewidth of the diode laser and make the diode laser operate in single mode to achieve

. efficient SHG.
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 Passive locking

In order to achieve stable fundamental build up inside the external cavity, the
frequency of the diode laser has to be stabilized to the resonance of the external cavity. A
passive locking method is applied in our experiment to lock the diode laser to the cavity

resonance. Passive locking**#+4>46

sends back the transmission of an external cavity into
the diode laser. Thus when the frequency of the diode laser is near the cavity resonance, it
will automatically jump to the resonance a.nd lock to this frequency; At the same time, the
frequency noise can be greath‘/ lowered, reducing the linewidth of the diode laser

considerably. In the experiment, the reflectance from the first surface of the KNbO;

crystal is collimated with a f =50mm lens. After reflecting off the grating-mirror (M5), it

goes back into the cavity and is then fed back to the diode laser. The grating (1 inch

long, 600 groove/mm) works in the Littman configuration with the third order light being

reflected back with an efficiency of about 50%. Because our laser has a relatively wide

spectral range and a side-mode suppression ratio of only about 10dB, this additional
grating has to be used. Without using this grating feedback scheme, the counter
propagating fundamental light inside the cavity created by the scattering from the crystal

is fed back to the diode, causing the laser to operate multimode. with chaotic behavior.

The feedb;ack level to the diode laser can be calculated by measuring the backward
leakage power after mirror M6, and the coupling efficiency bac.k to the diode laser is
estimated to be about 50%. Thus the feedback into the diode laser is on the order of 10
Generdly to achieve ;)ptical locking, only a small amount of feedback is necessary, for

example, 10 of the output power. In our experiment a higher feedback level is necessary
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primarily for two reasons: First, the feedback from the crystal surface is estimated to be
on the order of 10, so the grating feedback must be significantly higher to suppress this
feedback. Sécond, the locking range depends on the feedbaqk power ratio”’; that is, the
higher the feeciback level, the larger the locking range. Thus with higher feedback, we |
. can achieve optical locking without fine control of the external cavity length. We only
need to adjust the angle of the mirror M5 to make sure the feedback from the grating

(FWHM ~6.8GHz) falls on one of the diode longitudinal modes.

With the feedback from the grating dominating other feedback, the diode llaser
operates in a single mode. The spectrum with feedback is also shown in Figure-4.2(a).
We can see that the spectrum narrows and the side mode suppression ratio increases to
greater than 40 dB. Because optical locking is sensitive to the phase of the feedback light,
external perturbations will cause instability of the diode laser. Secondly, because the
spacing of the external cavity resonances is 2GHz and the FWHM of the grating is
6.8GHz, external perturbations can also cause the laser frequency to hop between
different cavity resonances. For long-term stable operation and to be able to scan the laser
frequency, the optical path length between the diode laser aﬁd the feedback mirror (M5)

has to be actively controlled. To control the phase ¢ of the feedback phase, a
piezoelectric transducer, labeled (PZT) @ is mounted on mirror M5. Modulating the path

length at 5.9kHz and monitoring the transmitted fundamental light by a lock-in amplifier

generates the error signal. This error signal is fed back to the (PZT) ¢ via a servo

amplifier for active control of the feedback phase.
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Experimental results

As we have discussed in Chapter 2, to achieve efficient mode matching between thé |
, diode laser and the external build-up ring cavity, the beam wa.isf sizes of the focused
diode laser output beam must be the same as those of the larger elliptical beam waist of
the ring cavity in both the vertical and horizontal planes. To verify this, we slightly
misalign the cavity, so that the individual transmission of the beam inside the cavity
through mirror M2 is separated. We observe the beam profiles of the multiple
transmissions using a charge-coupled detector (CCD) camera. By careful adjustment of
the position of lens L1, the beam profiles will closely resemble each other, an indication
of good mode matching. The beam profile of a portion of the transmission is ‘shown in
Figure-4.3 (a). The beam profile of the transmission when the cavity is alignéd is also
shown in Fighre-3 (b), and for comparison the beam profile of first transmission is also
shown. The mode-matching factor m is calculated using48:

2

— 2a)xa)cx za)ywc}’

m= 2 2 T 2 2 4.2
0w, +o, o, +o,

where @,, ®, ,@, and @,, are the beam waist sizes of the Gaussian fit for the first

transmission and the cavity transmission in the horizontal and vertical directions
measured in Figure-4.3 (b). The calculated mode-matching factor is about 80%. We
didn’t achieve a higher mode matching because of the error in the measured beam waist

size of the diode laser, and its dependence on temperature and injection current.
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mode-matching factor is important for high conversion efficiency as well as for the
stability of the system, since the stability of the diode laser with feedback depends greatly

on the waveform of the feedback light.”!

With 192mW of diode output power, the available power before the cavit}-I is about
183mW. On resonance, the circulaﬁng fundamental power inside the cavity is about
3.5W. This is calculated by .measuring the cavity leélkage through mirror M2. Thus thej
enhancement of the fundamental light is about 24. About 40% of the infrared input power

is reflected at input mirror M1 due to reflectivity mismatch. The enhancement could be

further improved by selecting the optimum transmissionT; of the input coupler by using

equation5 2

T, =L/244I*/4+E, mP, . - 43

where L describes all linear losses in the cavity exclusive of 7}, E,, = P,/ P is the single

. pass nonlinear conversion efficiency,m is the mode matching factor, and F is the
fundamental input power. This optimization comes from matching the loss in the cavity
and the nonlinear conversion to the reflectivity needed for maximum coupling to the

cavity. |

The maximum blue output is 18.45 mW measured after M6. Considering reflection
'of thé érystal, the spherical mirror and the high reflector M6, we estimate 35% of the blue o ‘
light generated is lost giving 28.3mW of blue generated. The calculated blue light
generated with the pump power inside the cavity is plotted in Figure-4.5. The simple

quadratic fit gives us a nonlinear conversion efficiency E,, =0.23%/W. Using the
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