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Abstract

We construct and characterize a femtosecond (fs) 800nm pumped
BBO type Il collinear optical parametric amplifier (OPA) nonlinear
crystal. By tuning the phase matching angle of the BBO crystal, we could
obtain the output from 1141 to 1524 nm for: the signal beam. The idler
tuning range is expected to be 1684 to 2677 nm. The characterizations of
this system were that the average output power could be several tens of

mW and the pulse duration was estimated to be around 50fs.

Additionally, we employ the multi-beam pump, noncollinear optical
parametric amplification and the single-shot geometric scheme to
generate the amplified light with ultra-broad bandwidth. To understand
the mechanism about this process, we attempt to know what the effect of
each variable is. From these results, the pulses with bandwidth over 300
nm are generated by this ssmple technique and the duration of 2.4 fsis

expected after the suitable compressor.
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Chapter I Introduction

Over the past decades, techniques for the production and
manipulation of short optical pulses have progressed at an accelerated
rate, reducing the time interval accessible to measurements from the
millisecond (107 sec) in ~1949 to the femtosecond (107" sec) regime in
~1985. Recently, the nonlinear mechanism is used to reduce the pulse
duration and to tune the wavelength of the pulse. In this chapter, I make a
brief description of generating the few-cycle pulse and tuning the

wavelength by taking advantage of the nonlinear mechanism.

1.1 The Ultrafast Laser [1]

Ultrafast optical scienee is,a rapidly evolving multidisciplinary field:
the ability to excite matter with femtosecond light pulses and probe its
subsequent evolution on ultrashort time scales opens up completely new
fields of research in physics, chemistry, and biology. Furthermore, the
high intensities that can be generated using femtosecond light pulses
allow us to explore new regimes of light-matter interaction. The
implementation of more sophisticated spectroscopic techniques has been
accompanied by improvements in laser sources. Considerable effort has
been dedicated to the achievement of shorter light pulses, to improve
temporal resolution; other efforts have worked to expand the frequency

tunability of the pulses.

The 1990s have witnessed a revolution in ultrafast laser technology,

thanks to the advent of solid state active materials, such as Ti: sapphire,
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and powerful mode-locking techniques, such as Kerr lens mode locking
(KLM). With these advances, femtosecond lasers have gained
tremendously in reliability and user-friendliness. Another landmark of
femtosecond technology has been the chirped pulse amplification (CPA)
technique, which enabled increasing the energy of femtosecond lasers by
2-3 orders of magnitude, from the millijoule to the multijoule level. This
increase in peak power makes it possible to access a whole new class of
nonlinear optical phenomena, triggering a renaissance in the field of
nonlinear optics. Parallel to these developments has been the discovery of
novel nonlinear optical crystals, such as b-barium borate (BBO) and
lithium triborate (LBO), combining improved optical characteristics (high
nonlinear optical coefficients, low_ group velocity dispersion, broad

transparency ranges) with high damage thresholds.



1.2 Toward the Few-Cycle Laser by Nonlinear Mechanism

To generate ultrashort pulse, a broad bandwidth is required. It is
desirable to utilize the nonlinear mechanism to make the different
wavelength amplified simultaneously. The suitable devices that could
compensate its group velocity dispersion are using to compress the
generated pulses. Then, the few-cycle laser could be generated from these
processes. Since we make use of optical parametric generation of
second-order nonlinear effect to produce the broad bandwidth beam, the
energy and momentum conservation of the interacted beams in the
nonlinear mechanism must be satisfied. The momentum conservation
(phase matching condition) is'related to the generated wavelength of the
amplified seeding beam. We could make the various wavelengths (over
broad bandwidth) satisfy the two-laws- at the same time by using the
geometric issues. Recently, there are many methods to be demonstrated.
These methods include (1) Noncollinear Optical Parametric
Amplification (NOPA) [2]; (2) Pulse-Front-Matched OPA [3, 4]; (3) Two
beam pump OPA (further multi-beam pump) [5]; (4) Chirped-Pulse
Optical Parametric Amplifier (CPOPA) with angularly dispersed beams
[6]; (5) white light OPA. Here I briefly describe these methods. The detail
about the method (1), (3) and (5) is explained in the next chapter.

Because the bandwidth of the generated OPA pulses could be
broadened by reducing the group velocity mismatch (GVM) between the
signal and the idler. Since the optical parametric amplification is
three-wave mixing of the second order nonlinearity including the pump,
the seeding (signal) and the idler, NOPA means that the pump beam hits
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the nonlinear crystal at an angle with respect to the signal. In such a
scheme, the GVM could be decreased and the bandwidth is broadened.
For the pulse-front matched of the pump and the signal, the wave-front of
the pump is tilted by a prism and a telescope to match the one of the
signal inside the nonlinear medium, seeing the Fig. 1-1. Because the
GVM could be reduced through this process, the amplified signal can
have the broader bandwidth. The other way is that several individual
bandwidths with different central wavelength are combined and the total
effective bandwidth could be broadened. If there are several-beams pump
in an OPA system, the different wavelength due to different phase
matching condition resulted from the different pump beam is amplified
simultaneously. The effective bandwidth could be broadened because of
combining the several individual bandwidths. The two-beam pump OPA
uses this concept and the yeffective” bandwidth combining the two
individual bandwidths is quiet:broader-than the bandwidth with single
pump beam. The fourth method is similat as the two-beam pump. It takes
advantage of the pulse-front matched and the signal with angularly
dispersed beams to make different wavelength be amplified
simultaneously. The white light OPA integrates the NOPA and the
two-beams pump OPA to generate the ultrabroadband pulse. The
single-shot geometry [7] is used to compensate the temporal overlap. The

Table 1-1 states the characterizations various few-cycle lasers.



Source: T. Kobayashi, Appl. Phy. B v70, s239(2000)

Fig. 1-1 The scheme of the pulse-front-matching device

Method Wavelength | Bandwidth | Transform | Duration after Reference
(nm) (THz) Limit (fs) | compressor(fs)
(1) 535-790 180 6.5 7.2 [2]
(DH)+(2) | 550-775 200 4.4 4.7 [3],[4]
720
3) (center) 11:6 38 61 [5]
(4) 600-1200 200 e M [6]
(5) 510-840 217 2.0

Table 1-1 The bandwidth and the pulse width of various broad-band laser




1.3 Tunable Laser

Since high power, ultrafast laser pulses with tunable frequency over
a wide spectral range from the ultraviolet (UV) to the infrared (IR) would
make it possible to excite in resonance different materials and to probe
optical transitions occurring at different frequencies, its applications
contain many field: physics, astronomy, spectroscopy, isotope separation,
materials research and development, remote sensing, and medicine. For
example, it can be used in time-resolved spectroscopy to yield new
information about fundamental properties of materials, to identify
transient species, to characterize new nonlinear optical materials, and to
study the dynamics of optoelectronic; systems. Early tunable sources of
femtosecond optical pulses:wererbased on dye laser technology and
mode-locked solid state laser, but they only provide the pulses in the
visible and near infrared region Wwithlimited tuning ranges. In dye laser,
some frequency tunability could be-achieved by simply changing the laser
dye. This flexibility, however, came at the expense of a complicated and
time consuming reoptimization. In additional, because of the lack of

suitable laser media, the mid-IR laser pulses are difficult to generate.

In the last years, the various tunable lasers are developed over the
pulsed regime (dye laser, Ti: Sapphire laser...), continuous wave regime
(semiconductor lasers), and line-tunable CW lasers (ArF, KrF, XeF...).
Here, I would state the different laser in the pulsed regime. The following
table is Emission Characteristics available form broadly tunable sources

of coherent radiation in the pulsed regime.



Tunable source Spectral range | Energy Average power

Dye laser 320-1200 nm 400J 2.5kW at 13.2 kHz
Ti: Sapphire laser 660-986 nm 6.5] 5.5 W at 6.5 kHz
220 W at 110 Hz

Cr'": BeAl,Oylaser ~ 701-818 nm ~ >1001J

Optical parametric
oscillators based on 0.41-2.7 >100 mJ

BBO

Free-electron lasers 2 pm-1 mm > 10W

Table 1-2 wavelength coverage available from pulsed broadly tunable
sources of coherent radiation [8]

The following statements focus mainly on the tunable laser
accomplished by using nonlinear optical effects that can be employed for
frequency conversion. But before L describe the tunable laser by nonlinear
mechanism, [ want to review: the prior tunable laser in the pulsed regime.
First, the dye lasers are-described. The dye lasers offer the broad
tunability from the near ltraviolet=to the¢ near infrared (Fig. 1-2),
facilitated by way of the existence of hundreds of laser dye molecular
species. Then, I briefly introduce the solid state laser for various gain
medium. Besides, the characterizations of the tunable wavelength of the
Free Electronic Lasers are described. Finally, I state the tunable laser by
using the nonlinear mechanism, such as optical parametric amplification

(OPA) and optical parametric oscillation (OPO).



Dye Laser

In 1966, the dye lasers were constructed by Sorokin. If any
mode-locking mechanism , the dye lasers are cw mode. After adding the
mode-locking device, the dye lasers become the pulsed laser. But
according to the various dyes, the dye lasers are operated under the
pulsed mode and the cw mode. And the characterizations of the dye lasers
depend on the different dyes, such as cyanine, merocyanine...etc. See the
Fig. 1-2, there is the coverage wavelength response for the different dyes.
For the other wavelength region, the dyes must be changed. Although the
dye lasers can be operated in various wavelengths; after the exchange of
the dyes, the alignment of the laser system is complex and the flexibility

1s expensive.

Nulaiten Enpegy Thigul

Source:http://host.theeditors.com/laserscience/images/duo2202_big.gif

Fig. 1-2 The wavelength coverage achieved with different classes of laser
dye molecules



Solid State Laser

Solid state lasers are becoming the laser of choice for many diverse
applications. Selection of solid state lasers is based on their performance
capabilities, such as available wavelengths, efficiency, tuning range,
reliability, and pulse format flexibility. In solid state laser, there are three
methods to tune the wavelength of the solid state laser (1) broadband
wavelength control; (2) narrow band wavelength control; (3) injection
wavelength control. Broad wavelength control devices include prisms,
gratings, and birefringent filters. For narrow tuning, a narrow wavelength
control device must primarily contain the etalons in addition to the broad
wavelength control device. With injection control, a narrow spectral
bandwidth source is injected into'the reésonator to control the wavelength.

The following table is the tuning range of the-broadband solid state laser.

Name Materral Transition Spectral Range( zzm)
Ti:Sapphire Ti:AlL O3 E-°T, 066-0.99
Alexandrite Cr:BeAlLOy T, - %A, 0.70-0.82

Cr:LiSAF Cr:LiSrAlF T, %A, 0.78-1.01
Co:MgF, Co:MgF, T, - T, 1.5-2.3
LiF, F," LiF, 77K Oy O 0.82-1.05

KCLTI(D) TI:KCl, 77K P35 - *Pin 14-1.6

Table 1-3 The tuning range and the transition level of the solid state laser




Free Electronic Laser

The free-electron laser (FEL) uses a relativistic beam of electrons
passing through an undulating magnetic field (a wiggler) to produce
stimulated emission of electromagnetic radiation. The general
characteristics of the FEL are: (1) almost perfect mode quality; (2) high
peak power; (3) very short pulse; (4) low duty cycles; (5) easily to tune
the wavelength; (6) harmonic lasing. The resonant wavelength of the FEL
depends on the electron energy, the wiggler magnetic field, the harmonic
number, or the wiggler wavelength. So, changing these parameters could

tune wavelength.

OPA and OPO

The difference of OPA and OPO is mainly that OPO has the cavity
and OPA pass the nonlinearcrystal one trip..But the nonlinear mechanism
of the two parametric interactions' 1s'the same; in other words, they
employ the optical parametric generation in the second-order nonlinear
phenomena. Under satisfying the energy conservation and momentum
conservation (called as phase matching condition), one strong pump and
one weak seeding interact in the nonlinear crystal, and the weak seeding
is amplified with the emission of the idler beam. Since there is different
wavelength satisfying the phase matching condition after rotating the
crystal angle, the wavelength of the OPA/OPO is tuned by rotating the
nonlinear crystal. This is a simple technique to tune the wavelength and
the optimization just tunes the spatial and temporal overlap. The detailed

theory about OPA is illustrated in the Chapter II.
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The following table is the characterizations of the various OPAs [1].

Type Pump Source Specifications of OPA

Tuning
Ep Tp Eout AV Tout n max

R
Material range B o
(um)  (mJ)  (ps) (um) (u)  (em™) (ps) (%)

BBO-I  0.355 3 15 0.42-2.6 <700 4-10 <10 30
LBO-I 0355 23 15 042-23 <300 >10 — —

0.355 8 18 0.41-2.85 <900 7-20 14 28
KDP 0.355 1.35 35 0.45-1.6 <300 10 837 10

BBO  0.532 8 25 0.67-2.58 <520 >20 18 20
0.532 5 25 0.63-2.6 <250 1-2 25 10
LBO 0.532 5 25 0.65-2.5 <450 4-10 18 24

KDP 0532 — 30 — — 40 — 50
KTP  0.532 12 32 0.64-4.0 <1500 26 — 20
LiINbO; 0.532 0.7 7 0.59-3.7 — 20 — 10
LiNbO; 1.064 1 6 1.4:4.0 <10 6.5 35 1
KTP 1.053 28 50 1.57-4.0 - <1800 31 — 20
AgGaS, 1.064 10 20 1.2-10 <100 8 10 10
BBO-I  0.532 1 1.3 0.63-3.2 200 0.7 25
BBO-II  0.532 1 1.3 0.63-3.2 55 0.7 20
KDP-II  0.532 | 1.3 0.77-1.7 23-28 0.7 13
BBO 0.60 0.09 190fs 0.75-3.1 180 1f880 25
180
LBO 0.60 0.09 190fs 0.85-2.1 200 fs 15
0.78- 100
BBO-I 0.84 0.5 100fs  1.2-2.5 <50 fs >10

Table 1-4 The characterization of the various OPA
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1.4 Motivation and Objective

The ultrafast laser can be used in many applications, such as (1) fast
temporal resolution (precisely triggering, controlling and sampling); (2)
optical coherent tomography; (3) frequency comb; (4) high field physics
and so on. The tunable laser benefits the spectroscopy. The Type-II
optical parametric amplifier especially is suitable source for the
time-resolved spectroscopy due to its nearly same pulse width.

In our laboratory, we develop the cascaded SFG of NOPA to
generate 385nm to 465nm, single-shot OPA FROG to diagnose the
characterization of the unknown pulse and white light OPA to generate
the broadband pulse. Additionally, we, also construct a near-IR tunable

laser.

1.5 Organization of this thesis

In this thesis, I first outline the basic theory of optical parametric
amplifiers and the ultra-broadband optical parametric amplifiers. In the
chapter III, I explain the construction of the collinear Type-II OPA and its
performance. For the next chapter, I describe the progress in the
ultra-broadband OPA (white light OPA), including the essential
experiments to understand why it has extremely broad bandwidth. Finally,

I present a summary and suggest possible directions of future work.
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Chapter II Theoretical Background

In this chapter, the theory and concepts about optical parametric
amplification are described [9]. These are separated into the basic OPA
and the broadband OPA. The basic OPA states the propagation of the
pulses in the nonlinear medium and some important parameters. For the
broadband OPA, I illustrate the theory (or concepts) used in this thesis to
study why the bandwidth in such a geometry could be broadened.

2.1 Basic Theory of Optical Parametric Amplification

I explain the concepts of the OPA and the coupled equations which
state the propagation of the:pulses inside the nonlinear medium. Then, the
basic theory of OPA is separated into two parts according to the duration
of the pump beam: first ‘1s . non-ultrashort pulses which mean the
continuous wave (CW) and the pulses that do not induce dispersion
enough. The other is ultrashort pulses; in other words, the effect of
different group velocities in the coupled equations must be considered.

Finally, I illustrate the properties of several important parameters

2.1.1 Introduction of Optical Parametric Amplification

OPA is a three-wave mixing process in which the pump beam, the
seeding (signal) beam and the idler beam at frequencies w,, w, and
w, , respectively, with w,;=w,+w,, propagate and interact in a
nonlinear medium. At the same time, the momentum conservation must

be satisfied; phase matching condition |Z3 = IZl + Rz. The geometries of

13



OPA have the collinear and non-collinear geometries, seeing the Fig. 2-1.
Due to the different geometry, the two geometries have the different

applications and characterizations.

Non-Collinear Geometry
Collinear Geometry

Nonlinear crystal Nonlinear crystal

kp ki kp
——p —
ks ks ks

Fig.2-1 Geometries of OPA

Of the two geometries, the collinear*OPA has wider tuning range
because the tuning range of non-collinear OPA (NOPA) is limited by its
angle between the pump beam and the signal. But NOPA has the possible
of the broader band; this partis.explained in the next section. OPA can
also be classified according to the polarization of the three interacted
beams. OPA can be divided into two regimes, Type-I and Type-II. In
Type-1 OPA, the polarizations of the pump beam, the signal and the idler
are extra-ordinary (e) ray, ordinary (o) ray and o-ray respectively. The
difference of two types is that the polarization of the idler beam in
Type-II regime is e-ray. Besides, there is another type (called by Type-III)
that exchanges the polarization of the signal and the idler of Type-II

regime.

For simplicity, we will present theory of collinear OPA. The three
waves propagating along z-axis under the collinear geometry are coupled

through the second-order nonlinear polarization ISNL(I‘,'[) and are

14



governed by the wave equation:
~ 1 0" = 4z 0° =
V xV x E(r,t)+c—2¥ D(r,t):-?y PNL(r,t) (2.1)
E(r,t) and D(r,t) are the total electric field and displacement current

given by
3 c o
E(r.ty=> [6A(r,t)e™ ™™ +cc] 2.2)
n=1

D(r,t) = E(r,t) +4zP (r,t)

—

where A, is the complex slowly varying amplitude of the electric field
of the n-th wave. The linear and nonlinear polarizations are related to the

field by the constitutive relations:

Rt =] 2t YeE(r tdt

Bu(r.h= [ [ 72 s i=tE( Er Lyddt,  @3)

which are valid in the electric-dipole approximation.

2.1.2 Coupled-wave equation

If the three waves are pulsed and quasi-monochromatic, ;?(1)('[ —t")
can be expanded into a Taylor series of (t—t') reflect the
group-velocity mismatch and pulse spreading caused by material
dispersion. And if the second-order response is assumed to be
instantaneous and the pulse duration must be larger than 10fs, the

nonlinear polarization can be written as the following form.
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( P s
P () = 7 AR
PNL (a)z) — (2) A*ei(R3_El)'r_iw2t

* k —k t
NL(a)3) Zeff)AAzel(l ey

N

where )(éfzf) is the effective nonlinearity which depends on the beam

polarization and the symmetry property of the second order tensor, ;2(2)
Within the slowly varying amplitude approximation (SVA),

(d*A/dz’) < 2k(dA/dz), the differential equation of the electric field

can be simpliﬁed and decomposed into three coupled-wave equations.

DA =i AR
1D,A = i(Zsz—)zéfMA*em (2.4)
cn,
B,A = u(z’“"ﬂ DA Al

where AK = k3 —k, —k, is the phase mismatch and the differential

A

operator D, is defined by
I5—§+ i+ | (52+62)+ 1g+igﬁ (2.5
"o ex 2k ok oy vg ot e
where
p,,» walk-off angle
n
1 Ve » group velocity, v, =c¢/n,, where n, =n, + o, Z .
@,
: : : : 1 0°k
g,, dispersion-spreading coefficient, g = 35

16



Since the coupled equation do not have the exact solution, it must be
solved by numeric simulation. In order to understand its behavior inside
the nonlinear medium, we take some approximations to the equation. But
the approximations are valid under some limits. The next section
introduces several lengths which may limit the length of the nonlinear
crystal. By restricting the length of the crystal, we can simplify the
coupled equation to comprehend the evolution of the behavior of the

pulse.

2.1.3 Effective lengths [1]

(1) Aperture length (L, =d,/ p,)

dy 1s beam diameter of a beamsand  p, 18 the walk-off angle between the
signal (or idler) and pump beams. It means the propagation distance that
the e-ray is transversely displaced by d.

T

(2) Quasi-static interaction length:( qu o L
/v, —=1/v,

7 1is pulse width. v, and v, are the group velocities of two pulses. The

distance is over which the two pulses experience a relative time delay 7.
(3) Diffraction length (L, = kd;)
The beam diameter increases by a factor of 2% due to diffraction.

(4) Dispersion-spreading length (L, = r*/ g,

The length is that the pulse would take to double its pulse width because

of dispersion.

17



cn

(5) Nonlinear interaction length ( LnI = —(2))

2nA Yo

The length means that the thickness of the nonlinear medium has
significant energy transfer among the coupled waves for infinite plane

waves.

2.1.4 Optical Parametric Amplification for non-ultrashort pulses

Case I: A depletionless pump beam (for crystal length L, <L )

Under the small-signal amplification limit (i.e., L, <L), Eq.(2.4)

can be simplified as

(8 27w . .
A Ly AAexplinkz]
0z C
J A, .y 270, 7 A A expliAkz] (2.6)
0z ,C
19 . 27w )
A 2% AR epl-ik]
0z n,c

Using the Manley-Rowe relationship  (photon  conservation,

1d, 1d, 1 di,
— =——), LL(O)=1,,>1,,andl,, =0, the
a)l dZ a)2 dZ 0)3 dz ) 3( ) 30 10 20

solution of Eq(2.6) can be derived as:

l,(L)= I10[1+g—2sinh2(gL)}

2
L(L)=1, &r—zsinhz(gl_) 2.7)

1

/\

|3(|—):|30

18



2
Zg

VAL

where gz\/FZ—(Ak/2)2, Fz:%(FM)zbm FM =

Case II: OPA with Pump depletion

If L, >L,, strong energy exchange takes place in such a process.
The signal and the idler are extremely amplified and the pump beam
depleted in such process. Consider the interaction under the phase
matching (AK = 0), the solution of Eq(2.6) can be expressed in terms of

the Jacobian elliptic function, denoted as sn.

w K(N)
(L) =1,y +—"15{1-sn’ [N[L-——~,N]}
@, N
K(N
2 (L)—— 501l — 9N [NFL (1/2),N]} (2.8)
3 N
K(N)
I,(L) = 1,,Sn°[NIL - NW,N]
where
K(N)= lj” df the'complete elliptical function of the first kind
4777 1-N%sin%(9) ’
= ! , the ratio of the number of photons in the input pump
1+(asl10)(ey139)
beam to the total input photon number

2.1.5 Optical Parametric Amplification Process for ultrashort pulses

Since the three ultrashort pulses have different group velocities in the
nonlinear medium, the dispersive term must be added to the Eq(2.6). By
using the pump moving with the group velocity (V) as the reference

frame, the coupled equations are
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( 0 2w,
AL 5 AR 78 A Aexpliakz]
0z or nc
JoA +5,, a' |2m 72 A Aexpliakz] 2.9)
oz >0 Ne
A 2% oA Aepl-ink
| 0z n,c
1 1 1 1 .
where 0, =(———) and 0,; =(—————) are group velocities
g Vo3 Pg2 Vg3

mismatch (GVM) between the signal/idler and the pump beam.

1 1
Additionally, O,, =(—————) is the GVM of the signal and the idler.

g Yoo
In general, the coupled equations do not have the exact solution. But,
from several important parameters, we can. know some characterizations
of the amplified pulses in the parametric process. So, these parameters are

illustrated in the following section.

2.1.6 Important parameters for ultrafast OPA

Except the above effective lengths, there are several important
parameters including gain, phase matching angle, group velocity
mismatch and bandwidth which are important for predicting the

performance of the OPA.

(1) Gain

To understand the gain in the parametric process, we simplify the
actual condition; so, we apply the Eq(2.7) to get the gain of the signal.
Under the phase matching (AK =0) and the large gain approximation
('L > 1), the Eq(2.7) can be simplified as:

20



I (L) =—1,,exp(2I'L)
X (2.10)
l,(L)= l,, exp(2T'L)

4o

So, the gain of the signal is
| (L) 1

| —exp(2I'L) (2.11)

10

In 3mm-thickness BBO OPA pumped by 70GW/cm® and central
wavelength of 800nm, the gain is about 10° at the signal of 1200nm.

(2) Phase Matching Angle

For the collinear geometric structure, the phase matching condition

is Nw, =Nw, +Nw,.
For Type-I: e(pump) — o(signal) + 0(idler)
N (6,0, =N, 0, +n,, (2.12)

And using the dependence of the extraordinary index on the propagation

direction in uniaxial crystals

1 Sn(@) Cos’(6,)

(2.13)
2 2
e3 (9 ) ne3 no3
We can derive the phase matching angle
2 2
. n N, — N, (6
0, = ArcSn—= \/ 2 83(2 m)] (2.14)
Ny (Hm) Ny — N
For Type-II: e(pump) — 0(signal) + &(idler)
N (0)@; = Ny @, + Ny, (0, @, 2.15)

Using Eq(2.13) and Eq(2.15), we can get the phase matching angle 6,..
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For example, consider the BBO crystal (negative uniaxial crystal

N, < N,). The Sellmeier equation of the BBO crystal is

n,(4) =[2.7359 +M—0.01354&21”2
A°—0.01882
n,(1) = [2.7359+M— 0.0151642]"
A —=0.01667
"i'h':"l-“-'] Tuning curva of BEO cryatal for two types
2.5 r
2.25
Type-I
o I Type-IT
1.15
1.5
1.25
1
- CLLTI IR T Hsldcgl
20 25 30 17 40 45

Fig.2-2 Phase Matching Curve of OPA pumped by 4, =0.8um

A [pm] Tuning curve of BEO orystal for two type
2.5

?

Type-1
1.5
Type-II

1

0.5
0 [deg |
25 a0 35 10 45 5

Fig.2-3 Phase Matching Curve of OPA pumped by 4, =0.4um
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(3) Group Velocity Mismatch (GVM) for 6,, and 9,,

Casel: 0,,0,,>0

Both the signal and the idler are away from the pump beam in the
same direction, so the parametric interaction of the signal/idler and the
pump beam disappear for the propagation distance longer than the
quasi-static interaction length. Since the OPA pumped by A, =0.4um
and the Type-I OPA pumped by 4, =0.8um belong to this condition
shown in the Fig.2-4 and Fig.2-5, the crystal length under this situation is
limited by the GVM. The phenomena can be proven by numerical solving
the differential equation [9]. Its solution show that when the crystal length
is longer than the quasi-stati¢ interaction length, the signal can not

increase and eventually saturates.

Casell: 6,6, <0

In this case, the signal and the idler move in the opposite direction
with respect to the pump beam, seeing the Type-II of Fig. 2-4. It seems
that the two pulses stay localized under the pump pulse, so the gain
continuously increases as the crystal length increases. Its thought is that
the signal slightly moves to the left of the pump; in the parametric
process, the signal generates the idler and the idler moves to the right
through the peak of the pump beam. Then, the idler also generates the
signal, and the signal moves to the left toward the peak of the pump beam.
So, in this regime, increasing the crystal length is also increasing the gain
of the signal. The solution of such coupled equations proves that the gain

is not limited by the crystal length [9].
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Fig.2-5 Group Velocity Mismatch of BBO pumped by 4, =0.4um
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(4) Bandwidth

The phase matching bandwidth for the parametric amplification
process is determined by the group velocity mismatch of the signal and
the idler. If the frequency of the signal slightly increases, the induced
wave vector mismatch (AK ) is approximated to the first order as:

Ak =k, — n(o+Aw) n(w,-Aw) oK, Aa)+%Aa)
C C 0w, O,

o o

- {MJACOJ{L_LJACO :[nQ il +521]Aa)
Co ng Vgl Co

To calculate the full width at half maximum (FWHM) of the intensity of

(2.16)

the signal within large-gain approximation, we can get the acceptable

wave vector mismatch. And thén the bandwidth is

22 (T i
(Ij n, =
C

o

= 2.17)

a +5;,

The broader bandwidth can be completed within group velocity match
under some special condition, such as degeneracy in Type-I OPA
(J,, =0). The bandwidth of BBO OPA is shown in the Fig. 2-6 and Fig.
2-7. From these simulations, Type-I OPA has the broader bandwidth
because the signal and the idler have the same polarizations resulting in
the smaller group velocity mismatch. Type-II OPA has nearly the
bandwidth over the all tuning range. These feature can be exploited for
different applications: Type-I phase matching is used to achieve the
shortest pulses, while Type-II phase matching allows to obtain relatively
narrow bandwidths over broad tuning ranges, which are required for

many spectroscopic investigations.
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Fig.2-6 Phase Matching Bandwidth of BBO OPA pumped by A, =0.8um

BW[THZ]co1linear BBO OPA by pumped 0.4um
30

2h}

20¢

15}

Type-le; -0, +0,
10}

Type-lle; >0, + €,

lSig [pam]

0.5 0.5 0.6 0.65 0.7 0.75

Fig.2-7 Phase Matching Bandwidth of BBO OPA pumped by A, =0.4um
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2.2 Theory of ultra-broadband source generation

In this section, I describe the theory and concept of the
ultrabroadband pulse including the NOPA, two-beam pump OPA and

single-shot geometric scheme in order.

2.2.1 Non-collinear Optical Parametric Amplification [9]

The geometry of NOPA is shown Fig. 2-8(a). The angle a is between
the pump and the signal. The other angle Q is between the idler and the

signal.

|Z3 |Z2 Viz Vgﬁ
Q G Var
- = 0= gl
k1

Fig. 2-8 (a) the geometry of NOPA; (b) the propagation situation of the
signal and the idler for the collinear interaction; (c¢) same as (b) for the
noncollnear interaction

From the Fig. 2-8(b), we know that in the collinear interaction, the
signal (white block) and the idler (yellow block) separate after the
quasi-static interaction length. But for the noncollnear interaction seeing
Fig. 2-8(c), they separate along the transverse direction and stay
effectively overlapped for the longitudinal direction. So, it is possible to
accomplish the smaller GVM for NOPA by suitable angle between the
pump and the signal. In the noncollinear geometry, the phase matching

condition must be separated into two directions (parallel or perpendicular
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to the signal). It can be written as Eq(2.19).
Ak, = ‘Izg‘cosa —‘Izl‘ —‘Ez‘cosQ
~ ~ (2.19)
Ak, = ‘k3‘sina —‘kz‘sinQ
where () depends on the wavelength of the signal.

Take the first order approximation of the wave vector mismatch as

Ak, = ncosQ-n ok + %, cosQ)— kzsinQa—Q Aw (2.20)
C, ow, Ow, ow,

Ak,

12

LRULS + K, sinQ +k, cosQa—Q Aw (2.21)
C, ow, ow,

For the first order term,

Eq(2.20) x cosQ+Eq(2.21) x sinQ=> O _ cosQa—kl =0
0w, 0w,

The condition is equivalentto Vo s cos (2.22)

The Eq(2.22) states the breadband condition. Only if v, >v,, the

gl’

Eq(2.22) is satisfied. It always happens in the commonly used Type-I
phase matching in the negative uniaxial crystals. Use the Eq(2.19) and
Eq(2.22) to find the angle between the pump beam and the signal, « .

1/2
1—ve /v,
1+2v nA, /v,mA + nNA A

Consider the Type-I BBO OPA pumped at A, = 0.4 M. The simulation

o= arcsin[ (2.23)

of the phase matching curve of various a is shown in Fig. 2-9. In most a,
one phase matching angel is corresponding to one wavelength, except for
a = 3.7°. When o = 3.7° and phase matching angle is about 31 degree,
there are various wavelengths satisfying the phase matching condition at

the same time.
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Fig. 2-9 Phase Matching curves of NOPA for various included angles

2.2.2 Two-beam pump (Multi-beam pump) OPA [5]

Its main concept is that two pump beams and the seeding beam
interact in the nonlinear medium®at various phase matching angles, so
there are amplified signal with various central wavelengths and its
individual bandwidth. If the central wavelengths of the two signals are
closer enough but different, the effective bandwidth combines the
individual bandwidth. Fig. 2-10(a) shows the geometry of the nonlinear
crystal. The two pump beams lie on the ¢ plane of the uniaxial crystal.
The angles between the two pumps and the signal are o; and o,
respectively. The 0 is between the signal and the optical axis. Fig. 2-10(b)
is the phase matching curve for different 6 in such an OPA by pumped
400nm. The blue, red and green are for 6 = 28.20°, 28.46° and 28.67°
respectively. In the Fig. 2-11(a), the spectrum (the solid line) has the
broader band than the individual spectrum (the dash line). The
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wavelength of the pump is 527nm and the a of the two pump beams are
0.78° and 0.60° corresponding to 716nm and 727nm of the signal. The 6
is about 21.75° and its corresponding phase matching curve is shown in
Fig. 2-11(b). From this result, we extend the concept to multi-beam pump
by the cylindrical mirror. The beam is lengthened by a cylindrical mirror
with a short focal length and hit the nonlinear crystal by another
cylindrical mirror with a long focal length. The detail is described in the

white light OPA.

irr [deg] Tuning curve

-h_-h—h—""—-—_
e
1} e
h‘"“"\
S

¥ Asig [pm]
0.61 0.62 R/63 0.64 P65 0.66 B 67
.-l-"'-f
1t —
et ="
o —

e e ——
(b)

Fig. 2-10 (a) The geometty of the-nenlinéar crystal and the incident
beams; (b) The Phase Matching Cuzve for the pump beam at various 6

1.0

A, =0.527um| 0=21.75
a™=0.78, a =0.60°

osf ®

iy |

ot
[¥]
T

=
(=
T

690 700 710 720 730 740 750
Wavelength [nm]

Fig. 2-11 Amplified Signal Spectral and phase-matching curve
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2.2.3 Single shot geometric scheme [10]

The different wavelength of the amplified signal need the different
delay of the pump and the signal in the multi-beam pump OPA described
as the above section. In order to satisfy the condition, we utilize the single
shot geometric scheme shown Fig. 2-12. The delay (At) included in the
induced signal due to two pulses interacted inside the nonlinear crystal
contains various delays of the two pulses. The single shot geometric
scheme can compensate the different delay for the different wavelength

of the amplified signal.

NLC NLC

AT =wxsina

0

w=c_1/n

Fig. 2-12 Single shot geometric scheme

So, the cylindrical mirror replaces of the spherical mirror. Only one axis
is focusing and the other axis can be used to complete the single shot

geometric scheme.
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2.2.4 White Light OPA

White light OPA combines the NOPA, the two-beam pump OPA and
the single shot geometric scheme. NOPA can provide the broader
bandwidth. From the two beam pump OPA, we use a pair of cylindrical
mirror to lengthen the spot size, such as multi-beam pump. The
multi-beam pump can amplify the different wavelength of the seeding
beam. Using the single shot geometric structure increases the various
delays to compensate the lack of the multi-beam pump. The following is

to understand the phase matching curve under such condition.

Geometry structure

The geometry of the white light OPA'is shown in Fig. 2-13. For (a)
the geometry of the k-space, the k 1s along the k,-axis. Fig. 2-13(b) is the
actual geometry of the nonlineat €rystal. The signal and the optical axis
have an angle, 6. The signal and the pump have two angles, a and f
described in the Fig. 2-14. In the Fig. 2-14, a is the angle between the
pump and the signal projected onto the Y-Z plane and B is the angle

between the pump and the signal projected onto the X-Z plane.

Optical axis X

Fig. 2-13 (a) The geometry of the k-space; (b) The geometry of the
nonlinear crystal
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Fig. 2-14 The detail structure of the angles of the interacted pulses

Phase matching condition under the above geometry

According to the diagram of the k-vector and the momentum
conservation for the nonlinear crystal under Type-1 OPA, we can calculate
and simulate the phase matchingcttvéof S V.S. Ay, .

First, the momentum conservation

— — —

k, =k +k, (2.24)

Second, from the diagram of the k-vector, k3 and k2 can be written as

I23 = (K, cos fsina, K;sin S, K, cos fcosa)

- (2.25)
k =(0, 0, k)
Additionally, the optical axis is(0, sin@,, cosB,)=0.
Then 6, is known as:
k, -6 =Kk, cosé, = k,sin B-sin6, + Kk, cos fcosa - cos b,
(2.26)
= 0, = arcsin \/1 — (sin Bsin @, + cos Bcosa cosb,)’
and the angle between the lengthened pump and the signal is
o' = arcsin \/1 —(cosa-cos f)° (2.27)

Substitute Eq(2.27) into the equation | |22 =] |23 >+ Rl I’ —2@ : IZI
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[n;m,@j . (.né”mT _En;” (@T
Then, ﬂ? ﬂ‘l /12

L, n(2,6)
7

Substitute the Eq (2.26) into the Eq (2.28), and fix the two angles

(2.28)

cosa cos ff

(6, and ) to simulate the phase matching curve, £ V.s. Ay, .

The Simulation Result

Consider the BBO crystal for Type-1 OPA pumped by the SHG of a
regeneratively amplified Ti:Sapphire laser (Spitfire, Spectra Physics) with
a central wavelength of 800 nm, repetition rate of 1 KHz and pulse
duration of ~50 fs.

Choose «a=1° and -6, =2846° (the ~angle corresponds to the
wavelength of 0.65um satisfying ‘the- phase matching condition for
collinear Type-1 OPA).

B [degree] Tuning curve of 8s=28. 46

0 e ——

-8 & Asig[pm]
0.45 0.5 0.55 0.6 0.65 0.7 0.75

Fig.2-15 Phase Matching Angle of white light OPA with BBO crystal by
pumped A4, =0.4um
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From the curve in Fig. 2-15, we can understand that if we attempt to
generate the ultra-broad bandwidth source, only let the BBO crystal be
pumped at the most angles of the above curve simultaneously. So, the
pump beam is expanded into straight line and focusing on the crystal by
the cylindrical mirror. Then the incident pump beam is viewed as
multi-beam pump at various angles. So, the central wavelength of the
phase matching signal contains quite large range and the amplified signal
spectral has very broad bandwidth. The output by using suitable
compressor to compensate the group velocity dispersion is the ultrafast
laser with the duration of few-cycle. Since the lengthened pump is
incident from the two side of the signal, the phase matching curve has
two curves (positive and negative ). Although the curve is not symmetry
about B = 0 due to the non-zero angle of the signal and the optical axis,
we want to understand how 05 affects the phase matching curve. So, we

simulate these curves at different Og-shown in Fig. 2-16.

In Fig. 2-16, there are some interesting phenomena. It does not have
the symmetrical situation and tends to the negative angles with the same
slope at different 6;. The breach of the phase matching pattern is toward
the longer wavelength around 0.7um. Even, the phase matching curve
forms a close-loop at some incident angles. It means that two
wavelengths can satisfy the phase matching condition simultaneously.
This also explains that the phase matching bandwidth is limited over
some region. The break point about 0.7um is connected when 6 is larger
than 27.6°. If we want to generate the broadband signal, the 6, must be

larger than 27.6°. Or the wavelength of 0.7um may be not amplified.

35



Bldegree]

3
2.9
0
-2.5
-3
-1.5
-10

Bldegree]

3
2.9
0
-2.5
-3
-1.5
-10

21.4

> -

0.4 0.5 0.6 0.7 0.8

21.6

®<

0.4 0.5 0.6 0.7 0.8

Azig [pam]

Azig [pam]

Eldegree ] 21.5

2.5

28 T

-1.5
-10

<

0.4 0.5 0.6 0.7 0.8

Azig[ran]

Bldegree]

3
2.5

0
-2.5
-3
-1.5

-10

21.1

0.1 0.5 0.6 0.7 0.5 el

Fig. 2-16 The phase matching curves at different 0,
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Chapter III Collinear Optical
Parametric Amplifiers

3.1 Experimental system configuration

The configuration of the collinear optical parametric amplification
system is shown in the Fig.3-1. The OPA was pumped by a regeneratively
amplified Ti: Sapphire laser (Spitfire, Spectra Physics) with a central
wavelength of 800 nm, repetition rate of 1 KHz and pulse duration of ~50
fs. The spectrum of the laser seeing the Fig. 3-2 has the full width half
maximum of ~40nm. The.smeasuréd result of the single shot
autocorrelator seeing the Fig. 3-3 shows the pulse duration of ~50fs after
the conversion of the unit: A small‘part of the Spitfire output was split
from a beam splitter (5/95) to generate the white light continuum using a
sapphire plate. The remaining pulse ‘encrgy of the pump laser was further
split using a (15/85) beam splitter to pump the two stage of the OPA. First
stage of the OPA was collinearly pumped by 70 from the Spitfire with
white light seeding using the BBO (type II, z-cut at 27°) nonlinear crystal.
The collimated output of the OPA was then passed through the same BBO
crystal together with the remained pumping energy (~350uJ) to
accomplish the two-stage OPA. The Fig.3-4 is the actual system and the
SHG of the signal.

We retrieve the amplitude and the phase of the generated OPA output
using the frequency resolved of optical gating (FROG) at several
wavelengths over all tuning range. The FROG system is shown as Fig.

3-5.
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f=-25cm
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P
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Fig. 3-1 The -configuration of the collinear optical parametric
amplification

PS: Periscope BBO2: BBO for SHG
HWP: Half-wave plate

SP: Sapphire plate

BBO1: BBO for OPA

BS1,2:(5/95),(15/95) beam splitter

P: Polarizer

DBSI1, 2, 3: Dichroic beam splitter
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Fig. 3-3 The result of the single shot autocorrelator
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Fig. 3-4 The actual configuration and the SHG of the IR output
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Fig. 3-5 The FROG System Setup
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3.2 Result of Collinear Optical Parametric Amplifiers

The retrieved amplitude and phase of the collinear optical parametric
amplifiers are shown from Fig. 3-6 to Fig. 3-10 at wavelength of 1141,
1227, 1294, 1447, and 1524nm, respectively. From the result, the
durations of various wavelengths have nearly the pulse width of ~50fs as
the same as the expected pulse width. The average power of various
wavelengths 1s from ~20mW to ~50mW and the conversion efficiency is
about 10%. These characterizations of the collinear OPA are summarized
in the Table 3-1 including the phase matching angle, bandwidth, duration,
and average power. Fig. 3-11 shows the individual spectrum of the
different wavelength. We compare the measured tuning curve with the
theoretical one, shown as Eig. 3-12..The ‘error between both curves is

smaller than 1 degree. So, the;measured tuning curve is believable.

In our collinear OPA, the ¢onversion ¢fficiency should be improved.
The conversion efficiency of the OPA is mostly about 20%. During the
constructional process, I think that the spatial overlap (spot size) and the
pump duration can increase the conversion efficiency. Since the pump of
50fs is used as the pumping source, the pump of 100fs may have the
better result according to this paper [11]. For the spatial overlap, we
change the combination and specification of some lenses of the system to
make the interacted spot size same. Additionally, there are two parameters
that may have some influences; the ¢ angle of the nonlinear crystal is not
cut to zero degree and the backward beam (second stage) has a small

angle with respect to the forward beam (the signal of the first stage).
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0, =265°20" (phase matching angle 25°8")
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0, =264°40" (phase matching angle 26°4")
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0, =263°45' (phase matching angle 27°3")
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0, =263°25' (phase matching angle 27°6")
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46



Wavelength(nm) 1141 1227 1294 1447 1524

PM angle(deg) 24.7° 25.8° 26.4° 27.3° 27.6°

PM angle of theory(deg) 25.0° 25.5° 26.0° 27.4° 28.1°
Bandwidth(nm) 52 117 145 46 66
Transform Limit(fs) 37 19 17 67 53
Measured Duration(fs) 43 62 42 49 55
Average Power (mW) 18 44 54 45 28

Table 3-1 The summary characterizations of the collinear OPA
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Fig. 3-11 The specfrum of the collinear OPA
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Fig. 3-12 The tuning range of the collinear OPA
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Chapter IV  White Light Optical
Parametric Amplifiers

4.1 Experimental system configuration

Input ND

filter

10/90 BS

Cylindrical
Mirror 1

Cylindrical
Mirror 2, 3

Fig. 4-1 The configuration of the white light OPA

In this part, the configuration of the white light OPA system is drawn
in Fig. 4-1. The input is the same as the collinear type-II OPA. A small
part of the input is split from the (10/90) beam splitter to generate the
white light continuum using a CaF,. Then, the white light is collimated by
a parabolic mirror and is focusing into the BBO (type I, z-cut at 29°)

crystal by the cylindrical mirror. The remaining pulse energy of the pump
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laser after a telescope generates the SHG (400nm) using a BBO crystal.
The energy of the blue light is about 60 pJ. The spot size of the blue light
is lengthened by a cylindrical mirror with short focal length. Then, the
focused blue light by a cylindrical mirror with longer focal length
interacts in the BBO crystal with white light seeding. The following

figure is the actual configuration about this system.

Fig. 4-2 The actual configuration of the white light OPA
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4.2 Result of the White Light Optical Parametric

Amplifiers
4.2.1 Tuning Range at Various a Angle

The configuration of the system is the same as shown in Fig. 4-1.
The cylindrical mirror 1 replaces with a mirror and the spherical mirrors
are used instead of the cylindrical mirror 2, 3. The geometry of the
nonlinear crystal is the same as the above description but for f=0°. We
change the various o and optimize the spatial overlap. We observe the
spectrum after tuning the angle between the signal and the optical axis
and optimizing the temporal overlap. The range of a is determined by the

spatial limitation and whether the:OPA takes place or not.

2.65° 3293 58 473 530" 601
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4504  29.9m
] . ] . ] ] ] ]

. — . . .
2.0 25 3.0 3.5 4.0 4.5 50 55 6.0 6.5
o_ (deg)

ext

Fig. 4-3 Tuning range at various o angles
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From the result as shown in Fig. 4-3, when the angle a between the
pump and the signal is small, the tuning range has the larger region than
one of the large a. For the large o, the range is limited in some region
about 550nm. When «,, = 2.65° and the wavelength is tuned to
739nm, there is the other light with wavelength of 450nm simultaneously.
At a,, = 5.30°, the tuning range does not match the trend because the
spatial overlap may be not optimized. To study the mechanism, we
simulate and compare the phase matching curve at various o angles. The

simulation result is shown as Fig. 4-4.

When the a angle is large, the phase matching angle also becomes
large from the simulation result. Although the large phase matching angle
influences the conversion efficiency,.there should be the amplified light.
Besides, the large included jangle doés reduce the effective nonlinear
coefficient and the gain under this-condition can not be too high. But, the
short wavelength is still amplified due to the lager figure of merit
(proportional to the reciprocal wavelength). Observe the collinear optical
parametric amplification, the tuning range is quite broad. So, the tuning

range is limited by the large included angle.
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(@) a,, = 6.01° («,, = 3.62°) (b) ., = 5.30°(,, = 3.21°)
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Fig. 4-4 (a)-(f) The phase-matching curve at various o angles
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4.2.2 Verifying the feasibility of white light OPA

Before studying the parameters of WL OPA, we make sure of the
feasibility of WL OPA by the following experiment. First, we compare
the bandwidth of WL OPA and NOPA, shown as Fig. 4-5. From the result,
the bandwidth of WL OPA is really broader than one of NOPA. Then, we
test the influence of the multi-beam pump geometric issue. We block a
part of the lengthened pump by using a strip of thin paper; in other words,
a part of B angles of the pump do not pump the BBO crystal. If the
phase-matching curve is right, some wavelengths can not be amplified.
Fig. 4-6 shows the complete spectrum and the blocked spectrum with
several spot sizes. The wavelengths from 500nm to 700nm in the blocked
spectrum of Fig. 4-6(a) do'not beramplified in WL OPA. The same
condition takes place in other spot sizes, seeing the Fig. 4-6(b) and (c).
From these experiments, we can make sure that WL OPA really has the
broader bandwidth and the effect of the geometric issues is the same as

the expected one

1.0 -
referecence:aextz5.9
—— WL OPA at spot size 0. ‘a_ =6.39°

/—\08_ ext
3
8
)
‘»n 0.6
C
ot
c

0.0
300 400 500 600 700 800 900 1000 1100

wavelength(nm)

Fig. 4-5 The spectrum of WL OPA and NOPA
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Fig. 4-6 The spectrum of the OPA and the blocked WL OPA. (a) spot
size=1.5cm at 0.,=8.06 degree; (b) spot size=1.0cm at a.—=4.72 degree;
(c) spot size=0.5cm at 0.,=6.39 degree;
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4.2.3 Studying the effect of various parameters

Delay: observe the effect of various delays at different spot sizes.

Fig. 4-7 (a)-(b) show the spectrums of various delays at 0.,=3.66,
10.68 degree for spot size 1.5 cm. The induced delay due to the single
shot geometric issue (acceptive delay) may be not enough at small o
angle. Therefore, the tunable range of the delay is limited as shown in Fig.
4-7(a). But for the large a angle, there is the same situation, seeing the
Fig. 4-7(c). Fig. 4-8 shows the phase matching curve of two o angles
(0ex=8.06, 10.68 degree at 0s=35 degree). As shown Fig. 4-8, the
wavelength range of large o angle is smaller than one of small a angle. In
large o angle, the acceptive delay is large but its wavelength range is
limited. Therefore, the tunablé range of latge a angle could not be large,
seeing the Fig. 4-7(c). When the o angle is.a suitable angle, the acceptive
delay is enough large to induce:OPG of adjacent wavelength as shown in
Fig. 4-9. The phenomenon in‘the spot size.1.0cm is the same as one in the

spot size 1.5cm, seeing the Fig. 4-10(a)-(c).
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Fig. 4-7(a)-(b) The spectrums of various delays at a.=3.66, 10.68 degree
for spot size 1.5cm
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Spot Size: observe the bandwidth of various spot sizes

As shown in Fig. 4-10, the first spectrum (1) has the broadest
bandwidth among the three spectrums. Table 4-1 lists the experimental
parameters. The result could be explained from it phase matching curve.
The large spot size also indicates that the pump beam could pump the
BBO crystal at more B angles. In other word, more wavelengths could
satisfy the phase matching condition. When the pump beam becomes
wider, the spectrum has a dip about 700nm. The wavelength of 700nm
satisfies the phase matching condition at large B angles, seeing the phase
matching curve (Fig. 4-11(a)). Fig. 4-11(b) shows the diagram of
distribution of the pump beam and the location of wavelength of 700nm
(Ak=0). As plot in Fig. 4-11(b), thewavelength of 700nm could be
amplified at the side of the pump beam. Since the pump beam is spatially
Gaussian distribution, the-intensity of the side of the pump beam is
weaker than the one of the.central beam. The dip about 700nm could
result from the decrement of ‘the'intensity of the pump beam. The

phenomena are not obvious at small spot size.
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Fig. 4-10 Spectrum for various spot sizes
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) 2 3)

Spot Size (cm) 1.5 1.0 0.5

O (degree) 6.18 5.96 6.39

Table 4-1 The experimental parameters for the bandwidth of various spot
size

Bldegree ] 3.

5
2.:5] <« |0° +—>
2.5 |

-5 T
-7.9 700 nm T
_1o «— —

0.4 0.5 0.6 0.7 0.8 As[pm]
(a) (b)

Fig. 4-11 (a) Phase matching curve at 6=34° and 0;,=3.7°; (b) A diagram
of the pump beam (B distribution) and the location of wavelength of
700nm (Ak=0)

Optical angle: studying the effect during changing the optical angle

In the common collinear OPA, to Totate the optical angle is to tune
the central wavelength. For the white light OPA, the wavelength of the
peak is tuned by rotating the optical angle as shown in Fig. 4-12. But
when the wavelength of B=0° is moved to the long wavelength (~700nm),
the short wavelength could not be amplified. Fig. 4-13 shows the phase
matching curve at two optical angles. As plot in Fig. 4-13, the pulses with
broad bandwidth could be generated if the wavelength of B=0° moves to
the short wavelength (~500nm).
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Whit Light OPA

Finally, we generate the pulses with broad bandwidth over 250nm at

spot size 1.0cm and o0,.,=4.72°, seeing the Fig. 4-14.
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Fig. 4-14 Spectrum at spot size 1.0cm and 0,,=4.72°
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Chapter IV Conclusion
5.1 Summary of this work

In this thesis, we construct a collinear type-II optical parametric
amplifier. Its characteristics are (1) tuning range: ~1141-1524nm
(expected idler: ~1687-2677nm); (2) power: ~20-50mW; (3) pulse width:
~50-60fs. The conversion efficiency (only ~10%) is not better than one of
the typical OPA (~20-30%) due to spatial overlap and duration of the
pump beam. If the duration of the pump beam is 100 fs, the conversion
efficiency should be increased according to the simulation of the
reference [11]. And, the spatial overlap of the pump beam and the signal

is not optimized including the spot-size and the alignment.

We try to study the mechanism of the white light optical parametric
amplifier. We block some portion of the pump beam by using a strip of
thin paper. Then, we observe some wavelength of the spectrum disappear.
From it, the pump beam seems as the multi beam to pump a nonlinear
crystal. Due to the single-shot geometric scheme, there is larger acceptive
delay to let the various wavelengths be amplified simultaneously.
Therefore, the pulses with the broad bandwidth over 300nm could be
generated by white light OPA. The duration of 3fs could be expected after
the suitable compression setup, such as the micromachined flexible

mirror [12].
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5.2 Future Directions

In the collinear type-11 OPA, we could improve the spatial overlap in
the second stage amplifier and find the suitable pulse width of the pump
beam to increase the conversion efficiency. The average power of the
OPA output could be over 100mW. For the white light OPA, it is expected
to generate the pulse with the flat and broad bandwidth by amending the
geometries and some parameters. Further, the pulse could be compressed
by using the suitable compressor, such as double chirped mirror, flexible

mirror and so on.
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