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Summary

In the present thesis, we have demonstrated the work based on singly resonant opti-
cal parametric oscillator (SRO), which operates in continuous wave regions. The noncen-
trosymmetric nonlinear crystals possessing x(?, are suitable for designing SROs. SROs
based on periodically poled LiT'aO3 and LiNbO3 have the tunability from near-infrared to
far infrared in the electromagnetic spectrum. In the SRO based on LiT'aO3, we have studied
the tunability and the efficiency of the SRO. In addition, we have carried out a numerical
study to understand the thermo-optic effects. In the subsequent study, we investigated an
SRO based on periodically poled Li NbOs3. The infrared and Raman active Li/NbOj3 facili-
tate the stimulated polariton scattering (SPS) in the SRO. By virtue of this SPS process, we
have observed Stokes shifted side peaks in the spectrum of the signal. The three-wave mix-
ing process in a nonlinear crystal, between the pump, signal, and idler has an equivalence
with the spin-1/2 system in a magnetic field. This analogy helped to access the growth of

the signal/idler modes using a geometric representation.
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Chapter 1

Introduction

The acronym LASER stands for “light amplification by stimulated emission of radi-
ation” [1, 2]. Since its discovery, lasers are used to generate and amplify coherent radiation
in the electromagnetic (em) spectrum ranging from ultraviolet, infrared (IR) and extended
to far in IR. The discovery of Laser is one of the greatest invention that opened gate for
many other fundamental researches. The concept of Laser is based on the theoretical work
prescribed by Charles Hard Townes and Arthur Leonard Schawlow [3, 4]. Later on, in
the year 1960, Theodore H. Maiman at Hughes Research Laboratories developed the first
laser [5]. The first experimentally realised laser had an active medium constituted by ruby
crystal which emitted coherent radiation in red-band of em spectrum. With the technolog-
ical research and development, lasers are now used to generate deep ultra-violet and X-ray
wavelengths. Such sources enable a path for carrying out detailed studies on chemical and
biochemical processes [6]. The importance and the application of laser in commonplace
devices are numerous. The laser beams have remarkable properties which includes good
directionality, highly monochromatic and strong intensity [2]. From the perspective of time-
scale, lasers could operate from continuous wave to attosecond regime [7]. Sources in at-
tosecond time scale could produce an extremely high power (O(10°watt)) peak power and
consequently, they could be used for exploring process that exhibit very weak physical man-
ifestations [8]. Such possibilities to enormously expand into wide variety of applications
have led the race to develop lasers operating at extremely short time-scales. Undoubtedly,

there are many facets which are yet to be discovered and developed.



1 Introduction

It is seamlessly apparent that the advent and development of lasers pave the path for car-
rying out fundamental studies in science which includes exploring nonlinear optical char-
acteristics of materials, Raman scattering, different forms of spectroscopy, gravitational
wave detection and many more [9, 10]. In view of industrial applications, lasers have been
extremely good candidates for optical communications, mechanical material processing
(welding, drilling, cutting), biomedical imaging and medical surgeries and military war-
fare, information processing and storage. From the meteorological point of view, today

lasers form the backbone for standardization of precision length and time measurement

[11, 12, 13, 14].
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Figure 1.1: Summary of the wavelength tuning of various Laser sources and Optical parametric
oscillator.
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Figure 1.1 shows an overview to some of the available tunable laser sources [15]. Ti:
sapphire laser is the most widely used tunable source. Due to the availability of broad
gain bandwidth it could be used for ultrashort pulse generation [16]. The maximum wave-
length tunability offered by Ti:sapphire crystal based laser sources extend from 650 nm to
1100 nm. Some other available solid state laser sources are ruby, Nd:YAG and Nd:glass
[17]. The most widely known gas lasers are He-Ne, Argon ion and C'O, [18, 19]. These
sources have limited applications on the basis of high spectral coverage or in terms of high
available output power. Wavelength tunability of laser source in visible region could be
obtained by using organic dye lasers which can be tuned from 300 nm to 1.2 ym. A few
other kind of laser sources are fiber laser and semiconductor lasers which offer far less
wavelength tunability [20].

In general, the conventional laser sources have been used to cover a wide range in the
em spectrum over half a century. However, there remains several gaps in the em spectrum
which are yet to be bridged using conventional laser sources. In addition the conventionally
used laser sources have some shortcomings in terms of fine wavelength tunability, irregular
spatial beam quality and low wall-plug efficiency.

Through an alternative route, coherent sources could be obtained based on second-order
nonlinear frequency conversion processes in non-centrosymmetric crystals [9, 21]. The
frequency conversion process generally is a three wave mixing process between the three
interacting waves, namely pump (w,), signal (ws) and idler (w;). The advent of second-
order nonlinear optical processes such as optical parametric generation and oscillation have
paved the path for accessing the near infrared and mid-infrared spectral band with high
optical power and excellent beam quality. The nonlinear optical processes essentially in-
volve a material exhibiting high second-order nonlinear coefficient in combination with the

available high-power laser sources.
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Sources based on the frequency conversion process could offer high output power in
different spectral bands. Consequently, they could be adopted to operate in a wide temporal
regime extending from continuous-wave (CW) and quasi-CW (or nanosecond) regime to
ultrashort (picosecond and femtosecond) time-scales. These sources, therefore, could be
used for various applications listed above and a few more.

In the year 1961, Franken et al. have observed experimentally the coherent nonlinear
optical effect for the first time [22]. He demonstrated the second harmonic generation in
quartz crystal. This discovery put forward the importance of nonlinear process in the di-
rection of new frequency generation processes [23, 24]. In general, a nonlinear frequency
conversion process involves two sources such as sum frequency generation (SFG) or dif-
ference frequency generation (DFG). The second harmonic generation (SHG) is a special
case of sum frequency generation where the two input sources have the identical frequency.
On the other hand, processes such as optical parametric generation and oscillation are con-
figured with single pump source. Many difference frequency generation based sources are
being used presently for a variety of applications such as spectroscopy, optical microscopy,
trace gas sensing etc. However, a DFG based CW optical source is significantly limited in
terms of low to very low output power.

A high frequency conversion efficiency or a high output power could be obtained through
devising an optical parametric oscillator (OPO). As common to all nonlinear optical pro-
cess, OPOs provide a platform to generate frequencies in broad spectral bands and at various
temporal scales. Hence, now a days, one of the efficient techniques for obtaining tunable
source is to device OPOs using suitable pump source, an optimum cavity and a suitable
nonlinear optical crystal.

The working and function of an OPO is mainly dependent on the spectral and spa-
tial beam quality of the incident pump beam. Additionally, the properties associated with

the nonlinear crystal have a key role in the development of the OPO cavity. Lack of
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suitable nonlinear materials in terms of achieving phase matching condition for a desired
spectral region hampered the development of practical OPOs for several years. In the
year 1965 Giordmaine and Miller first realised OPO experimentally [25]. This develop-
ment evoked an intense surge of research and development in parametric devices and up-
hold a comprehensive study of sources based on nonlinear materials. A rigorous study
has been carried out for nearly two decades in the development and understanding of the
parametric frequency conversion in a cavity configuration and established many funda-
mental principles and practical benchmarks for this area. However, the practical impli-
cation of the OPOs has been harnessed until the development of nonlinear materials such
as, Lithium Niobate (LiNbO3 (LN)), Lithium Tantalet (LiT'aO3 (LT)), Bismuth Borate
or Bismuth (BiB;04 (BIBO)), Beta-Barium Borate (5 — BaB20, (BBO)), Lithium Tri-
borate (LiB3O05 (LBO)), Potassium Titanyl Phosphate (KTiOPO, (KT P)), Rubidium
Titanyle Arsenate (RbTi0OAsQ,), Barium Sodium Niobate (Bas NaNbyOs), Gallium Ar-
senide (GaAs), Lithium Iodate (Li103) and Potassium Niobate (K NbO3). [26, 27, 28, 29,
30,31,32,33,34,35,36,37, 38, 39,40, 41]. These crystals have rendered sources based on
frequency conversion processes to be viable sources of coherent light for a broad category
of fundamental and practical applications.

At this point, it is worth pointing out that high-power coherent sources operating in
CW regime with wide tunability are of great importance for many applications including a
variety of spectroscopic applications and quantum optical studies. As pointed out before,
Ti:sapphire laser and dye laser have been successfully employed for this purpose, OPOs pro-
vide a plausible alternative bridging the limitation of wide frequency tunability and stable
output over long duration in conjunction with a cost-effective simple experimental design.
In general, the nonlinear optical processes in CW regime faces many practical challenges
due to very low nonlinear optical gain for the CW pumps. Hence, the deployment of the

resonator cavities provide a plausible route to amplify the frequency converted beams. The
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first CW OPO was made by using birefringent KTP crystal by Yang et al. in the year 1993
[42]. The discovery of quasi-phase matched (QPM) crystals in ferroelectric materials have
enhanced the studies of nonlinear frequency conversion process by multiple times [26, 43].
Since the demonstration of OPO for the first time, the advancement of new long-length
QPM materials in association with the developed pump sources have established OPOs as
practical sources for delivering coherent tunable radiation at all power levels. The devel-
oped pump sources include high-power fiber lasers. These developments have continued
the legacy of frequency conversion processes in the advancement of generating new fre-
quency.

The work presented in the thesis primarily focuses on the singly-resonant OPOs (SROs)
operating in the CW regime. The SROs discusses in the thesis are devised using periodically-
poled LiTaO3 and LiNbOs3 crystals of 50 mm and 80 mm respectively. The usage of
periodically-poled crystals facilitates the access to the maximum nonlinear optical coeffi-
cient for the process. The SROs offer a wide tunability from near-infrared (NIR) to far-
infrared (FIR) spectral band in the electromagnetic spectrum. In addition, all the SROs are
pumped by fiber lasers which are used to pump the SROs. This will ensure the efficiency
and robustness of the frequency mixing process.

The thesis is organized in six chapters. In the second chapter, we will discuss the theo-
retical framework to understand the y(?-based nonlinear optical processes. We would also
provide a brief discussion on the OPO cavity design which includes a suitable x(? nonlinear
optical medium.

The third chapter of the thesis will present a demonstration and characterization of a
high-power continuous wave (cw) SRO made up of MgO-doped congruently grown LiT'aO5
(cPPLT). By optimally focusing the pump beam at the center of a cPPLT crystal and vary-
ing the temperature of the crystal-oven, we have generated a tunable radiation from 1810 —

1920 nm yielding a maximum power of =~ 583 mWW. The SRO’s threshold is 2.1 W at a

10
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oven temperature of 50°C' and shows an early saturation at 3.1 W pump power. The cre-
ation of a temperature gradient inside the crystal is the primary reason for this saturation
behaviour observed in the idler beam power. The local rise in temperature along the longi-
tudinal direction of the beam propagation are obtained by solving the differential equation
for heat conduction.

In chapter four, we explored the impact of high-power signal beam resonating inside
the cw-SRO which is tunable in the mid-infrared spectral band. The cw SRO is based
on a 80 mm long 8-mol% MgO-doped periodically poled LiNbO3 (PPLN) crystal. In the
PPLN based SRO (with nonlinear grating period = 29.5um), the crystal temperature tuning
yielded a wavelength tunability from 3625 — 3825 nm with a maximum power of 1.9 W at
3765 nm for an incident pump power of ~ 24 W. We observed that the signal spectrum of
SRO exhibits multiple peaks even though the pump is a single-frequency beam. In case of
30pum grating-period, we observed a similar SRO signal spectrum. We have investigated
these frequency shifted beams in view of the stimulated polariton scattering (SPS) process
taking place in the nonlinear crystal. The SPS process could facilitate the generation of
coherent CW-FIR (or terahertz) beams by employing the high intra-cavity signal power.

In the fifth chapter, we will discuss an analytical framework to draw equivalence of
a TWM process in SRO with a spin-1/2 system in magnetic field. This idea allows us
to ascertain the growth of signal/idler modes using a geometrical representation. We also
demonstrate a experimental configuration where the Li/NbO3 based SRO forms one arm of
the Mach-Zehnder interferometer. Finally, in chapter six, we present a future outlook to the

work presented in the thesis.

11



REFERENCES

References

[1] K. Thyagarajan and A. Ghatak. Lasers.: fundamentals and applications. Springer
Science & Business Media, 2010.

[2] A.E. Siegman. Lasers. University science books, 1986.

[3] J. P Gordon, H. J Zeiger, and C. H Townes. The maser—new type of microwave

amplifier, frequency standard, and spectrometer. Physical review, 99(4):1264, 1955.

[4] A.L.Schawlow and C. H. Townes. Infrared and optical masers. Phys. Rev., 112:1940—
1949, Dec 1958.

[5] T. H. Maiman. Stimulated optical radiation in ruby. Society of Photo-Optical Instru-

mentation Engineers, 1960.

[6] S. Beggs, J. Short, M. Rengifo-Pardo, and A. Ehrlich. Applications of the excimer

laser: a review. Dermatologic Surgery, 41(11):1201-1211, 2015.

[7] F. Lépine, G. Sansone, and M. J. J. Vrakking. Molecular applications of attosecond

laser pulses. Chemical Physics Letters, 578:1-14, 2013.

[8] J. Duris, S. Li, T. Driver, E. G. Chapenois, J. P. MacArthur, A. A. Lutman, Z. Zhang,
P. Rosenberger, J. W. Aldrich, R. Coffee, G. Coslovich, F. J. Decker, J. M. Glow-
nia, G. Hartmann, W. Helml, A. Kamalov, J. Knurr, J. Krzywinski, M. F. Lin, J. P.
Marangos, M. Nantel, A. Natan, J. T. O’Neal, N. Shivaram, P. Walter, A. L. Wang, J. J.
Welch, T. J. A. Wolf, J. Z. Xu, M. F. Kling, P. H. Bucksbaum, A. Zholents, Z. Huang,
J. P. Cryan, and A. Marinelli. Tunable isolated attosecond x-ray pulses with gigawatt

peak power from a free-electron laser. Nature Photonics, 14(1):30-36, dec 2019.

[9] Robert W Boyd. Nonlinear optics. Academic press, 2020.

12



REFERENCES

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

B. P. Abbott, R. Abbott, R Adhikari, P Ajith, B. Allen, G. Allen, R. S. Amin, S. B. An-
derson, W. G. Anderson, and M. A. Arain. Ligo: the laser interferometer gravitational-

wave observatory. Reports on Progress in Physics, 72(7):076901, 2009.

F. P. Gagliano, R. M. Lumley, and L. S. Watkins. Lasers in industry. Proceedings of
the IEEE, 57(2):114-147, 1969.

K. Meiners-Hagen, R. Schodel, F. Pollinger, and A. Abou-Zeid. Multi-wavelength
interferometry for length measurements using diode lasers. Measurement science re-

view, 9(1):16, 2009,

A. E. Ennos. Speckle interferometry. In Laser speckle and related phenomena, pages

203-253. Springer, 1975.

H. F. Shih, T. P. Yang, M. O Freeman, J. K. Wang, H. F. Yau, and D. R. Huang.
Holographic laser module with dual wavelength for digital versatile disc optical heads.

Japanese journal of applied physics, 38(3S):1750, 1999.

Majid Ebrahim-Zadeh. Continuous-wave optical parametric oscillators. Handbook of

Optics, 4:1-33, 2010.

H. Liu, S. Sun, L. Zheng, G. Wang, W. Tian, D. Zhang, H. Han, J. Zhu, and Z. Wei.
Review of laser-diode pumped ti: sapphire laser. Microwave and Optical Technology

Letters, 63(8):2135-2144, 2021.

R. L. Byer. Diode laser—pumped solid-state lasers. Science, 239(4841):742-747,
1988.

R. J. Wiet, Douglas C Kubek, Paul Lemberg, and Arkadiush T Byskosh. A meta-
analysis review of revision stapes surgery with argon laser: effectiveness and safety.

Otology & Neurotology, 18(2):166—171, 1997.

13



REFERENCES

[19] M. Radovanovic and M. Madic. Experimental investigations of C'O; laser cut quality:

a review. Nonconventional Technologies Review, 4(4):35, 2011.

[20] P.Kronenberg and O. Traxer. The laser of the future: reality and expectations about the
new thulium fiber laser—a systematic review. Translational andrology and urology,

8(Suppl 4):S398, 2019,

[21] William Paul Risk, William Paul Risk, TR Gosnell, and AV Nurmikko. Compact

blue-green lasers. Cambridge University Press, 2003.

[22] P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich. Generation of optical

harmonics. Physical Review Letters, 7(4):118, 1961.

[23] R. H. Kingston. Parametric amplification and oscillation at optical frequencies. Pro-

ceedings of the Institute of Radio Engineers, 50(4):472, 1962.

[24] S. A. Akhmanov and R. V. Khokhlov. Concerning one possibility of amplification of
light waves. Sov. Phys. JETP, 16:252-257, 1963.

[25] J. A. Giordmaine and Robert C Miller. Tunable coherent parametric oscillation in

LiNbOs at optical frequencies. Physical Review Letters, 14(24):973, 1965.

[26] M Yamada, N Nada, M Saitoh, and K Watanabe. First-order quasi-phase matched
LiNbO3 waveguide periodically poled by applying an external field for efficient blue

second-harmonic generation. Applied Physics Letters, 62(5):435-436, 1993.

[27] K Kato. Second-harmonic generation to 2048 & in b-ba 2 0 4. IEEE journal of quantum
electronics, 22(7):1013—-1014, 1986.

[28] Xiaofan Cao, Ramakant Srivastava, Ramu V Ramaswamy, and Jamal Natour. Re-
covery of second-order optical nonlinearity in annealed proton-exchanged linbo/sub

x. IEEE Photonics technology letters, 3(1):25-27, 1991.

14



REFERENCES

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

CT Chen, BC Wu, AD Jiang, and GM You. A new-type ultraviolet shg crystal-beta-
bab204. Scientia Sinica Series B-Chemical Biological Agricultural Medical & Earth
Sciences, 28(3):235-243, 1985.

Albert A Ballman and H Brown. Ferroelectric domain reversal in lithium metatanta-

late. Ferroelectrics, 4(1):189-194, 1972.

JT Lin, JL Montgomery, and K Kato. Temperature-tuned noncritically phase-matched
frequency conversion in lib305 crystal. Optics Communications, 80(2):159-165,

1990.

Shujie Lin, Baichang Wu, Fali Xie, and Chuangtian Chen. Phase-matching retracing

behavior: New features in Li B3Os. Applied physics letters, 59(13):1541-1543, 1991.

YS Luh, MM Fejer, RL Byer, and RS Feigelson. Stoichiometric linbo3 single-crystal
fibers for nonlinear optical applications. Journal of Crystal Growth, 85(1-2):264-269,
1987.

Mool C Gupta, WP Risk, Alan CG Nutt, and SD Lau. Domain inversion in K770 PO,

using electron beam scanning. Applied physics letters, 63(9):1167-1169, 1993.

Mool C Gupta, William Kozlovsky, and Alan CG Nutt. Second-harmonic generation
in bulk and waveguided Li7T'aO3 with domain inversion induced by electron beam

scanning. Applied physics letters, 64(24):3210-3212, 1994.

M Scheidt, B Beier, K-J Boller, and R Wallenstein. Frequency-stable operation of a
diode-pumped continuous-wave rbtioaso 4 optical parametric oscillator. Optics let-

ters, 22(17):1287-1289, 1997.

RG Smith, JE Geusic, HJ Levinstein, JJ Rubin, S Singh, and LG Van Uitert. Continu-

15



REFERENCES

[38]

[39]

[40]

[41]

[42]

[43]

ous optical parametric oscillation in ba2nanb205. Applied Physics Letters, 12(9):308—
310, 1968.

P Giinter, PM Asbeck, and SK Kurtz. Second-harmonic generation with Ga,_,Al, as

lasers and knbo3 crystals. Applied Physics Letters, 35(6):461-463, 1979.

Arkadiusz Galat, Krzysztof M Abramski, Pawel A Duda, Wieslaw Strek, Andrei N
Kuzmin, Gennadii I Ryabtsev, ZA Ges, and VP Konyayev. Second-harmonic gen-
eration in liio3 at 490 nm using ingaas/algaas laser diodes. In Metal/Nonmetal Mi-

crosystems: Physics, Technology, and Applications, volume 2780, pages 340-343.
SPIE, 1996.

L Gordon, GL Woods, RC Eckardt, RR Route, RS Feigelson, MM Fejer, and R Byer.
Diffusion-bonded stacked gaas for quasiphase-matched second-harmonic generation

of a carbon dioxide laser. Electronics Letters, 22(29):1942—1944, 1993.

M. Ghotbi, A. Esteban-Martin, and M. Ebrahim-Zadeh. Bi B304 femtosecond optical

parametric oscillator. Opt. Lett., 31(21):3128-3130, Nov 2006.

ST Yang, RC Eckardt, and RL Byer. Continuous-wave singly resonant optical para-
metric oscillator pumped by a single-frequency resonantly doubled nd: Yag laser.

Optics letters, 18(12):971-973, 1993.

Walter R Bosenberg, Alexander Drobshoff, Jason I Alexander, Lawrence E Myers,
and Robert L Byer. 93% pump depletion, 3.5-w continuous-wave, singly resonant

optical parametric oscillator. Optics letters, 21(17):1336-1338, 1996.

16



Chapter 2

Fundamentals of Nonlinear Optics

Optical phenomenon observed in day to day life such as reflection, refraction,
dispersion and diffraction could be explained through the presence of low intensity of light.
When the amplitude of applied electromagnetic wave is small the electromagnetic wave
have a linear response [1]. In other words, the material polarization varies linearly with the
applied electric field. The polarization response of the medium with the applied field could

be represented mathematically as;
P=exYE 2.1)

where ¢, is the permittivity of free space, and x(! is the linear susceptibility tensor with
components dependent on frequency of the electromagnetic wave and other material prop-

erties.

(a) "
(b)

Figure 2.1: Representation of a model of atom (a) in the absence of electric field, (b) in the presence
of electric field
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On the other hand when the amplitude of the applied electric field is large, the material
properties are significantly altered [2, 3]. In the presence of a very high electric field, the
displacement of electron cloud induces anharmonic oscillations which manifests through
nonlinear optical effects [4, 5, 6, 7]. In that case, the induced polarisation could be repre-

sented in terms of the power series expansion in the field as,
P=cXVE+exPE? + e x®PE + ... (2.2)

The first term in the equation 2.2 represents the linear polarisation which oscillates
with the frequency of the applied electric field. And xV is the linear susceptibility responsi-
ble for the linear optical effects such as transmission, reflection and absorption (linear). The
second term is responsible for second order polarisation, which is dependent on the second
order susceptibility y(?). This gives rise to phenomenon such as second harmonic genera-
tion (SHG) , sum-frequency generation (SFG), difference frequency generation (DFG), the
linear electro-optic (Pockels) effect and the optical parametric generation (OPG) and opti-
cal parametric amplification (OPA) [8, 9, 6, 10]. In these processes, the polarization have
a quadratic dependence on the incident electric field. The third-order nonlinear suscepti-
bility results in processes such as the third harmonic generation (THG), optical bistability,
phase-conjugation and optical Kerr effect. The higher-order terms manifests through the
generation of new higher order oscillation frequency [11, 5]. In the present thesis, I will

discuss on the second-order nonlinear optical susceptibility related processes.

2.1 Second order nonlinear optical processes

The second order nonlinear optical process involves three waves such as (w : wy+ws).

The total electric field present in the medium is represented as [12, 13]

E(t) = Ey(t)e ™" 4+ Ey(t)e ™ + c.c. (2.3)
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2 Fundamentals of Nonlinear Optics

The contribution of second-order polarization is given by,
PA(t) = e.xPE(t)? (2.4)

By substituting Eq. 2.3 in Eq. 2.1, the nonlinear polarization corresponding to different
frequency components could be obtained. In that case, the nonlinear polarization could be

expressed as

PA(t) = e,x? [Efe 1t  Eje—?2! 4 2F) Fye~itw2lt L o, preir—wat c.c.]

+ 26X P [E1 B + B2 B3] (2.5)

Different components for second-order nonlinear polarization term is given by
P(2w;) = e.xPE? (SHQG)
P(2w,) = e.xPE2 (SHQ)
P(wi +ws) = 2¢.XPE By (SFG) (2.6)
P(w; —wy) = 2e6,X P E\E; (DFG)
P(0) = 2¢,x? (F\E} + E2E3) (OR)

Incident electromagnetic waves with frequencies w; and w, can generate aforemen-
tioned polarization terms and there remains good chance to generate radiation at those fre-
quencies with appreciably high intensity through nonlinear interaction. In order to achieve
this, the phase-matching condition needs to be satisfied. This could be understood as fol-
lows. During the light propagation, the nonlinear polarization and the corresponding elec-
tromagnetic wave accumulates different phases [1, 14, 15]. Therefore, for an efficient gen-
eration, these two must add constructively and alternately; they need to be phase-matched.

In order to illustrate the aforementioned point, let us consider a difference frequency
generation (DFG) process. The DFG process could be visualized mathematically from
equation 2.6. The DFG process is defined by the nonlinear process described in equa-

tion 2.6. It is evident that the generated nonlinear polarization has frequency equal to the
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frequency difference (w; — wo) between the two waves. In such a scenario, the energy and

the momentum conservation laws could be represented as;

W3 = W1 — Wo (27)

ks = k1 — ko (2.8)

nlwiwi are the respective wavevectors, and n(w) is the frequency dependent

where k; =
refractive index. Equation 2.8 is often referred to as the phase-matching condition which
depends on the propagation of the waves inside the nonlinear medium. From the equation
2.7, it is clearly evident that two photons of frequency w; and wy are utilized to generate

a lower frequency ws. In this process, one of the waves amongst w; and w, is amplified
and consequently, this process is termed as optical parametric amplification (OPA). It is
worthwhile to point that even in the absence of ws frequency w» and w3 could be generated
from w; frequency which is known as optical parametric generation (OPG) [16, 17, 18].

In a simplified language, in OPG process, a higher frequency wave termed as pump (w,)
generates two frequency waves which are termed as signal (w;) and idler (w;) are gener-
ated. Conventionally, the shorter wavelength is known as signal and the longer wavelength

is known as the idler.

Typically, the pulsed lasers have relatively higher peak power as compared to power in a
continuous-wave laser. Hence, it could offer sufficiently high intensities for the parametrically-
generated waves even in a single pass configuration in a nonlinear crystal. On the other
hand, for continuous wave lasers, the efficiency of OPG process is substantially small.
Hence, a suitable feedback is essential for generating useful optical power. A Fabry-Perot
cavity configuration is used to provide a feedback to the process and consequently, the
nonlinear crystal could be placed inside the cavity consisting of mirrors for obtaining a

suitable feedback. Such configurations are known as optical parametric oscillators (OPOs)
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[9, 19, 20, 21]. In the next section, a brief discussion on essential facets of second-order

susceptibility is presented.

\ Wy
® 2 \ X
. 2 ~ < e ) \ ;

w “ 4 '\
) DFG () OPO (’

Figure 2.2: Representation of different x(2) nonlinear frequency conversion processes (a) Optical
parametric generation, (b) Second harmonic generation (¢) Sum frequency generation
(d) Difference frequency generation (e) Optical parametric oscillator

2.2 Second Order Nonlinear Susceptibility

The interaction of three optical waves could be described using the nonlinear optical
polarization which contains the second-order susceptibility term. In general, second-order
nonlinear optical polarization is expressed as

PZ-(Q) (Wn + wm) = € Z Z XS,)C(wn + Wiy Wy Wi ) Ej (W) B (W) (2.9)

gk (nm)
where the indices j and k represents the directions in which the incident field(s) are os-
cillating. The index i represents direction of generated polarization. The notation (nm)
indicates the summation over n'" and m'" frequency. The significance of the summation is

that the sum w,, + w,, will remain fixed even when w,, and w,, picks different values. The
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product of electric field (E(w,)E(w,,)) generates a nonlinear polarization oscillating at a
frequency (wy, + wWi,)-

The structural properties (or the crystal symmetry) of the nonlinear crystal govern
the values as well as the symmetry in Y? tensor. For example, a certain crystal symmetry
results in vanishing a few elements of the susceptibility tensor. It is worth pointing out that

x?) is not a null tensor only if the nonlinear crystal does not possess a center of inversion

symmetry [14, 22].

2.3 Electromagnetic wave propagation in presence of non-
linear optical interaction

The generated nonlinear optical polarization (]3(2)) is the source of new frequency
components which is not present in the incident beam. This essentially means that the
dipoles in medium are oscillating at a new frequency (or new frequencies). Hence, the
medium could generate new frequencies efficiently when all the dipoles oscillate in such a
phase that the newly generated electric field strengthens during the propagation. This idea

of constructive generation of new field is alternatively known as phase matching condition.

The propagation of electromagnetic wave through a nonlinear optical medium could be

ascertain through the solutions of Maxwell’s equations. Where we have considered
* The nonlinear medium have no free charge
* The medium have no free current
« the material is non-magnetic, hence B = p,H.

By considering the above assumptions, we have written the Maxwell’s below.
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V.D=0 (2.10)
V.B=0 (2.11)
- OB
E=—" 2.12
V x py (2.12)
. 9D
H="= 2.1
V x 5 (2.13)

The wave equation can be derived from the Maxwell’s equation by taking the curl of equa-
tion 2.12 as,
. 92 .
VxVxE =D =0 2.14
X B poms (2.14)

In terms of polarization equation 2.14 can be written as;

- 1 0% -
) D ;) ————— 2.1
VX VX B c? Ot? €,c2 Ot? @15

Hence equation 2.15 can be written in a simplified manner using the vector identity as,
(2.16)

In the equation 2.16 the polarization refers to the linear and the nonlinear contribution as

well.

P =pW 4 pNL (2.17)
Hence, the general expression of the wave equation could be expressed as,

- MPPRE 1 92PNE
v2 € _
E= 2 Ot ec? O 2.18)

In Eq. 2.18 the nonlinear optical response on the right hand side acts as the source term
for the nonlinear process. Hence, in the absence of nonlinear response, the wave equation

yields a solution for a wave with velocity ¢/+/e()). In case, the medium is dispersive
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medium, each frequency component must be studied separately. Hence, Eq. 2.18 could be
analyzed for each frequency component separately as,

O(w,) B, 1 &PV

- €
V2E, — —
c? ot? €.C2  Ot?

(2.19)

The above equation could be used to study the interaction of three waves in presence
of non-zero y® which is the motivation of the present thesis. By considering the most
general form of three-wave mixing as the SFG, the following mathematical framework
could be developed. As described in the previous section, the SFG could be represented
mathematically as w, 4+ w; = w,. The electric field associated with the applied field i.e. for

w; and wy 1s given by;
Ei(z, t) = Eje ™ 4 c.c. where E; = A;e'i* (2.20)

In the above representation, i refers to signal (s) and idler () wave. And the nonlinear

polarization associated with the SFG field could be represented as;
P,(z,t) = Bye ™ + c.c. (2.21)

and

P, =4e.des s E B (2.22)
Hence, the nonlinear polarization amplitude is
P, = deod,pp Ay Az’ ethi)z (2.23)
By taking into account the field at sum-frequency wavelength,

Ey(z,t) = As(2)e»=t 1 cc. (2.24)

NpWp

where k, = =72, nf, = ¢ (w,) and the generated field is a slowly varying function

of z. This could be considered as a trail solution to Eq. 2.19. Also, we assume that all
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the interacting waves are plane-waves. Hence, by substituting 2.24, 2.23 and 2.21 into Eq.

2.19, we could express the wave equation as,

d;A + 2ik % k2A, + E(U(w;)w’% o | ity 4 . =
%/x Al KOz=unt] | ¢ 0 (2.25)
Equation 2.25 could be further simplified to,
d;:; + 2ik dj — 4d;e ! pr Ayeihsthi—kn)z (2.26)

By taking into account the slowly varying amplitude approximation,

d*A,
dz?

dA,
P dz

(2.27)

This condition signifies that a fractional change in A,, in a distance of the wavelength

must be much smaller than unity. Hence, Eq. 2.26 becomes;

dAp _ 27:defprA A-@iAkz (2 28)
e nyC s '

where n,, represents the refractive index of pump waves and Ak could be defined as;
Ak =k + ki —k, (2.29)

which is generally known as the wavevector phase-mismatch. In a similar manner, the
equations depicting the evolution of waves at frequencies w, and w; are,

dAs . Qideffws
dz  nge

A Are Ak (2.30)

and
dAZ . Qideffwi
dz  nc

A AremiAkz (2.31)

Equation 2.28, 2.29 and 2.30 are the coupled-wave equations where the amplitude of
the interacting waves exhibit a mutual dependence. A direct inference from the coupled-

mode equations is when Ak = 0. In that case, the amplitude of the generated waves will
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increase linearly provided that the other two wave amplitude are constant. In general, with
finite values of Ak and by considering constant amplitude of A, and A;, the SFG intensity

at the nonlinear crystal output is given by,

22, 2T, AkL
I, = W—?’L?smc?(T) (2.32)

NpTsNi€0C3

From Eqgs. 2.32, the phase-mismatch term is appearing as a ‘sinc’ function. Hence,
the efficiency of three-wave mixing process reduces as the value of phase mismatch term
(Ak) increases. It is worthwhile to point that the value of I, is zero when the ‘sine’ term
(numerator of the ‘sinc’ function) in the expression is zero i.e. at L = %. It could be
pointed that for a finite value of the phase mismatch, I, follow the sinusoidal trajectory. In
other words, the output power increases up to a length {7 and then decreases. This length
is called the coherence length (L..,). In other words, we can say that, if Ak have finite

value, this is the maximum value of 7, which could be obtained provided the crystal length

is an integral multiple of L.

2.4 Phase-matching condition

For an efficient three-wave mixing process Ak = 0 must be satisfied. In this picture,
the nonlinear polarization and the generated field must be in phase. As a result the waves
generating at each point along the crystal length must add up constructively, resulting in an
efficient generation. Taking this into account, the dispersive nature of the medium at the
frequencies of these three interacting waves would result into an expression for Ak = 0
given by,

np(Ap) — ns(As) | i\

- 233
N NN 233)

Here, the wavelength dependent refractive index is obtained from the Sellmeier’s equation
[14, 23, 24, 25]. This equation provide an insight in to the wavelength as well temperature

dependence of refractive index. These two factors plays a crucial role in satisfying phase
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matching criteria. By manipulating the material characteristics, the phase matching con-
dition can be satisfied. In the present discussion, we have noted that the refractive index
of the nonlinear medium is wavelength and temperature dependent. Hence, by exploiting
these characteristics, a tuned wavelength in a broad spectral bandwidth could be achieved.
This is the key point for frequency tuning the OPOs in the frame of obtaining a wide spec-
tral range of the coherent output. Several phase matching techniques have been employed
to satisfying the phase matching condition such as birefringent and quasi-phase matching
[24, 26]. In birefringent phase-matching, the anisotropic properties of a nonlinear crystal is
employed to achieve Ak = 0 condition. On the other hand, quasi-phase-matching (QPM)
uses the ferroelectric properties of the nonlinear crystal for achieving the phase-matching

between the interacting waves.

2.4.1 Birefringent phase-matching

In a few nonlinear crystals, the refractive index is a function of crystallographic axis.
As aresult, by using waves with different electromagnetic polarization, the phase mismatch
could be compensated [1, 8, 27]. In anisotropic medium the refractive index have differ-
ent values along different principal axes. According to crystal orientation, they could be

categorized as;

Nng =ny =mn, Isotropic (2.34)
Ny =Ny #n, Uniaxial (2.35)
Ny # Ny #n, Biazial (2.36)

In the uniaxial orientation, the crystals have one optic-axis. Consider the optic-axis is along
the z — direction i.e. for a wave propagating in the z — direction, the wave sees the same
refractive index in the = and the y direction. Therefore, the x or y-polarized waves are

called the ordinary waves. On the other hand, the wave propagating in the xz-plane or yz-
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plane have an angular dependence of the refractive index. The angular dependence of the

refractive index is given by

1 _ sin’0 N cos0 (237)

ny(w) n,(w)

7 | T\

Figure 2.3: Refractive index representation for birefrngent crystal (a) non-critical phase matching,
(b) critical phase matching

Here n, represents the ordinary refractive index and 7. is the principal value of the ex-
traordinary refractive index. Hence, the phase-matching condition for a desired wave could
be obtained by adjusting the 6 value. It is interesting to note that in spite of the phase match-
ing condition is satisfied for the interaction, the particular d-tensor component must have
non-zero value to couple the fundamental wave to the nonlinear polarization. Generally,
the angle dependent phase matching condition is categorized in to two types, critical and
non-critical phase matching. This consideration could be visualized by taking the example
of second harmonic generation (SHG). The SHG process is represented pictorially in the
figure 2.3. From figure 2.3 (b), it is evident that a small deviation from the phase matching
angle results in significant value of Ak, hence it is called critical phase matching. On the

other hand when # = 90°, the inner circle is tangential to the ellipse and small deviation
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in phase-matching ¢ is not critical for changing Ak. In this case, the phase-matching con-
dition is called noncritical phase matching. For the noncritical phase-matching condition
temperature dependent refractive index plays a crucial role as the phase matching angle
have a fixed value. In case of critical phase matching, the pointing-vector direction for the
generated wave and that for the incident wave are not same when the phase-matching angle
change(2.3 (b)). Hence, this results in a walk-off between the incident and the generated

wave and the walk off angle is given by,

2
tan® (% — 1)

tan p = 5 (2.38)

1+ z5tan?0

The interaction length before the walk-off is defined as,
Loy = Y 239

p
where w, 1s the beam waist. Hence, for a tightly focused beam, even for a smaller value
of the walk off angle could lead to walk off after a small distance. Hence, the gain for the
nonlinear process reduces. However, the walk-off in case of the non-critical phase matching

is absent. Hence, the nonlinear process could occur over the entire crystal length.

2.5 Quasi-Phase-Matching

Certain crystals like GaAs, gallium nitride, Zinc Telluride, are weakly anisotropic as
well as exhibit second-order nonlinearity [28, 29, 30, 31, 32]. Interesting route proposed
by N. Bloembergen that, by allowing the nonlinear coefficient (d) to vary periodically with
a period of 2L, the phase matching could be achieved [33, 34].

Hence, we could say that the nonlinear polarization changes its sign at every coher-
ence length as the nonlinear polarization is proportional to nonlinear coefficient (d) (figure
2.4) [30, 28, 33]. Through this route, the fundamental wave(s) and the nonlinear polariza-

tion can be forced to be in phase by changing the sign of nonlinear polarization. Hence,
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v
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Figure 2.4: Schematic of QPM structure and the process representing intensity of output waves
for birefringent phase-matched condition in blue, quasi-phase-matching in red, and non
phase-matching in green.

the efficiency of generation increases instead of following a sinusoidal trajectory. Also,

in this case, the value of effective nonlinear coefficient decreases. Hence, the QPM ef-

ficiency for the materials do not follow the same trajectory as that of a perfectly phase
matched condition. The periodic modulation of the nonlinear coefficient gives rise to a an
additional K -vector that facilitates the phase-matching. This technique could adopted to
achieve phase-matching even if the medium is isotropic. Such possibility arise in ferro-
electric crystals that have domains. The direction of polarization of domains are inverted
periodically with a period A which inverts the sign of nonlinear coefficient d periodically a

period A. In such a scenario, the nonlinear coefficient could be represented as

LCO

d(z) =+d |z| < 2h
Lcoh| . A (2.40)
5 A5

——d
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Hence, the mathematical description of quasi-phase matching could be written in

terms of Fourier series as,

d(z) =degy Y Gpel®n? (2.41)
where, k,,, = %Tm is the magnitude of the grating with m'* Fourier component of the non-

linear coefficient.
2
G = (—) sin <@> (2.42)
mm 2
If we consider the generated amplitude for SFG process, and compare the A, for

birefringence and the QPM process, they are related through

2
AP,QPM = ;Ap,birefringence (243)

Hence, in QPM, there is a reduction of amplitude of the generated beam, by a factor
of % We have observed that there is a decrease in [d,,, (nonlinear coupling coefficient of
the m!" order Fourier term)], when we use the higher order Fourier components. Hence,
we could get an efficient generation for first order (m=1) term. Hence,

2
dl — ;deff (244)

Hence, the wave vector mismatch incorporating k,, could be written as,

Ak = ky + ky — Ky + ki,

o (2.45)
=ks+ ki —k,+ N
The periodicity required for QPM of any order is;
2
AN=——""-—=2L, 2.46
kg + ki + K, h (2:46)

2.5.1 Techniques to achieve QPM

Ferroelectric materials such as LiNbO3, LiTaOs, K'TiO PO, exhibits spontaneous

polarization below the Curie temperature in the absence of an external electric field. These
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crystals could be poled periodically by aligning the direction of spontaneous polarization
[29, 35, 36]. Hence, these nonlinear crystals are called periodically-poled or periodically
domain inverted. The widely used technique for the domain inversion is applying periodic
electrode on the surface of crystal. A uniform electrode is applied to the opposite surface.
Hence, by the application of sufficiently high electric field to the electrodes, periodically-
poled crystals could grown. The maximum thickness of the nonlinear crystal could go
through this process is determined by the dielectric breakdown of the medium. The crys-
tal’s maximum thickness during this process is limited by the dielectric breakdown of the
medium.

Another approach for achieving the poling structure is to include a periodic domain
structure during the growth of the crystal. It is technically very difficult to grow crystals
with very small grating period.

The domain inversion in certain crystals could also be achieved by diffusing certain ions

in to the medium at elevated temperature.

2.6 Frequency conversion process and amplification

The x? frequency conversion process involves the interaction of three waves termed
as, pump (wp), signal (w;) and idler (w;) in a nonlinear medium. When a highly intense pump
beam is incident on a medium with non-zero y? along with a weak signal wave, an idler

beam at w; frequency is spontaneously generated.
Wp = Wy + w; (2.47)

If the signal beam could be optimally fed back to the nonlinear crystal then one could
construct an optical parametric oscillator. Hence, the amplification of beam at w; frequency
and the generation of idler beam at w; frequency could be obtained by solving the coupled

differential equation 2.30 and 2.31. In this case, we have assumed low depletion of the
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pump beam.

d—Ap =0 (2.48)
dz

The solution of the differential equation is given by,

[ Ak iAkz
Aq(z) = As(0) (coshgz — ZTsinhgz) —i—ﬁA;‘(O)smhgz] s (2.49)
g g
[ Ak iAkz
Ai(z) = Ai(0) (coshgz - 22—sinhgz> +EA:(O)sinhgz] s (2.50)
g 9

where Ak = k, — ks — k; as described earlier and

ANk
9= [Fasﬁ;‘— (—) (2.51)
2
.9
K; = 2iwidess Ay (2.52)
kiC2

By considering the initial condition as A; = 0 and A is finite then the gain associated

with the signal beam for a crystal of length L could be expressed as;

1

sinh? [FQLQ— (%)2} ’

I(z=1L
Gy = BE=0 y qepe . (2.53)
I (z=0) [FUP—(%) ]
Here, I; is the intensity represented as,
n;jceo| 4;|°
I; = (2.54)
2
Here j corresponds to pump, signal and idler and
8mid?
2= ——< 10 2.55
CEMPMsTU A\ »(0) ( )
The gain factor in Eq. 2.55 could also be represented as;
8m2d?
eff 2
———(1—=67)1,(0 2.56
ceonpno)\g( ) »(0) (2.56)
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where the degeneracy term 0 is defined as

1+5:%; 1—5:% (0<6§<1) (2.57)

s i
where the degenerate wavelength is defined as A\, = 2, and n, refers to the wavelength at
degeneracy. It is worthwhile to point that the gain associated with the parametric process is
maximum at the degeneracy and the gain decreases when the spectral separation between
the signal and idler increases. Hence, for phase-matched condition (Ak = 0), the gain

associated with the signal beam could be written as;
G(L) = sinh*(T'L) (2.58)
Hence, at low gain i.e. for 'L < 1, the gain approximates to,
Go(L) =T?L? (2.59)

We could observe that, in low gain regime, the signal gain increases quadratically. For high

gain situation 7.e. 'L > 1, the gain reduces to;
1 2I'L
Gs(L) = 1€ (2.60)

In the high gain regime, the signal gain exhibits an exponential growth as a function of

length L.

2.7 Optical parametric oscillator

The output from a frequency conversion process could be maximized in an oscillator
configuration. Hence, the nonlinear medium is placed within an optical cavity to provide
feedback at the desired wavelength [11]. Hence, a desired wave is allowed to successive
pass through the nonlinear medium and a coherent output could be obtained. Consider a

simple cavity design shown in Fig. 2.5. This represents a linear cavity configuration where
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P

—

f\
|

Figure 2.5: Linear cavity representing singly resonant OPO
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the nonlinear crystal is placed inside a pair of mirrors. In the present condition, the mirrors
are highly reflecting for the signal beam and transmits the pump as well as the idler beam.
To begin with, the signal and idler waves are generated spontaneously from the pump wave.

The losses in the cavity arises from components of the cavity.
* Mirror :The cavity mirrors are not 100% reflecting for the signal beam

* Nonlinear crystal :The crystal have it own absorption due to its composition and the

wavelength range at which it is operating

It is worthwhile to point that when the gain of the resonating wave is equal to the
cavity loss then the signal oscillation begins. Hence, by considering the reflection loss and
scattering loss inside the crystal and double-pass in the crystal for one round-trip, the signal

and idler amplitude could be represented as,

As,o =\ Ra,st,s€72aSLAS(L) = psAs<L) (261)
Ajo = \/RaiRyie " Ay (L) = p; Ai(L) (2.62)

where p is defined as
Pm = 1/ Ra,mRb,me_QamL (263)

and m refers to the signal and idler beams. Here, R, and R, refers to the reflectivity of

the two mirrors. By relating Eqs. 2.61 and 2.62 with Eqgs. 2.49 and 2.50, the resonance
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condition could be written as,
I%(1 — picosh(vL)) (1 — pscosh(vL))= kirkpspisinh®(T'L) (2.64)

By using definitions ' = x*k; and cosh?(L) — sinh?(L) = 1, the resonance condition

reduces to,
1 + PsPi

cosh(I'L) >
Ps + Pi

(2.65)

For undepleted pump, the gain is very small i.e. 'L < 1, hence the resonator condition

reduces to;
(L’ _ (1—p)(1—p)
2 N ps + pi

(2.66)

Hence by putting the value of I' and by considering [, = P,/A, where A refers to the

cross-sectional area of beam and P, is pump power, the threshold for OPO is,

NpNsNi€aCAN; (1 — ps)(1 — pi)

472>

Pry > A
effL2 Ps + Pi

(2.67)

where A refers to the cross-sectional area. Hence, the threshold condition is given by,

npnsni€acAy (1 — pg)(1 — p;)

Pry > A

(2.68)

Equations 2.68 shows that the threshold for OPO depends on the reflectivity of mirrors,

length of the crystal, nonlinear coefficient and optical absorption for the nonlinear crystal.

2.7.1 Laser pump source

The pump source must be sufficiently intense, so that the nonlinear gain for achieving
OPO threshold is obtained [8, 1]. The spectral and spatial coherence of the pump beam also
plays a crucial role. It is worthwhile to point that the practical laser sources have finite spec-
tral bandwidth as well as spatial divergence. Hence, it is very difficult to satisfy the phase

matching condition for all the spectral and spatial components of the beam simultaneously.
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This results in a non-zero value of Ak within which the parametric gain is significant. Sub-
sequently, this limits the maximum pump spectral width that could be utilized for frequency

conversion process.

2.7.2 Nonlinear crystal

The nonlinear crystal plays a crucial role in successful implementation of the OPO.
The desired characteristics of the nonlinear crystal depends on various factors such as; broad
transparency range satisfying the phase matching condition, large nonlinear coefficient,
high optical damage threshold, small spatial walk-off [11]. The gain associated with the
parametric process have a direct dependence on the nonlinear coefficient d.¢; and have in-
versely related to the square root of refractive indices at the interacting wavelengths. These

two factors could be used to define the figure of merit (FOM) for the nonlinear crystal.

oM = st (2.69)
/MpTsT;

The nonlinear crystal should possess high tolerance to a small changes in spectral
and spatial property of the pump beam. These tolerances are associated with the nonlinear
crystal and could be measured in terms of spectral and angular acceptance bandwidth of the
crystal. These factors basically depends on the rate of change of phase mismatch with the
wavelength and the angular spread of the pump beam. One could derive these factors from
the Taylor series expansion of the phase-mismatch term. A brief description is provided in

section 2.9.

2.7.3 Cavity mirrors

Cavity mirrors plays a crucial role in OPOs. They provide feedback to stimulate the
three-wave interaction process and hence, assist in improving the frequency conversion ef-

ficiency [37, 38]. In SROs, for example, one of the three interacting waves, say the signal
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wave is forced to oscillate inside the cavity. In that case, the cavity mirrors would be de-
signed such that they are highly reflecting (R > 99.9%) for the signal wave. For the pump
and the idler wave, the cavity mirrors are highly transmitting (7" > 99.9%). Hence, a strong
idler beam could be coupled-out of the cavity. In a similar manner, the cavity mirrors could

be designed to get DRO and TRO (discussed in details in 2.10).

2.8 Wavelength tuning

One of the greatest advantage associated with OPO is to generate a widely tunable
sources [39, 28, 23, 40]. This could be achieved by manipulating various parameters that
help in satisfying the phase matching condition. The phase matching condition depends on
refractive index of the nonlinear crystal at different wavelengths. The Sellemier’s relation
defines the variation in refractive index of the medium as a function of wavelength and

temperature. A general Sellmeir’s equation for an optically transparent medium is given

by,
A By A2 B,

’(\) = B,
L D ) A CR ¥

(2.70)

where B,, B, By, A1 and )\, are the fitting constants and the wavelength () is expressed in
pm-unit. Hence, for an SRO, the signal and idler wavelength could be tuned using various

techniques mentioned below.

» Temperature tuning: Variation of signal/idler wavelength as a function of crystal tem-

perature.

* Angle tuning: As described in section 2.5.1, the phase-matching could be satisfied
at different wavelengths by utilizing the non-critical phase-matching in anisotropic

crystals.

* Changing the grating period in quasi phase-matching: A crystal containing multiple
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grating periods can be translated laterally to change A and hence the signal and idler

wavelengths

2.9 Phase matching bandwidth

The factors which determine the nonlinear gain are input laser wavelength, spatio-
temporal coherence of the laser beam along with the temperature-dependent dispersive
properties of the crystal. These factors play a crucial role in deciding the tolerance for the
phase matching process for deriving appreciable gain. Quantitatively, these factors could
be ascertained by observing their impact on the optical power of the frequency converted
beam. Suppose X defines the factor and a change in X by AX leads to a 50% drop in
optical power (or efficiency) with respect to its maximum value. Since, X or AX dictates
the variation of Ak, therefor a Taylor series expansion of Ak (about Ak = 0) would allow
us to determine the actual dependency on the drop in efficiency. If the frequency conver-
sion efficiency is governed through a sinc function then the phase matching bandwidth is

determined by the full-width-half-maximum (FWHM) of the sinc? function i.e.

sinc? % > 0.5 (2.71)
0.8867

X
It is apparent that the crystal length plays a crucial role in determining the bandwidth :.e.

longer the interaction length the narrower the phase-matching bandwidth.

2.9.1 Temperature bandwidth

The temperature bandwidth is defined as the range of temperatures over which the

conversion process is efficient. Hence,

0.443
ATrwan = (2.73)

L 1 Bnp 1 Ong 8711

1
Xp 0T ~ X 0T ~ X, 0T
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The temperature tuning bandwidth becomes large when the denominator of 2.73 approaches

to zero ¢.e. near degeneracy.

2.10 Optical Parametric Oscillators (OPOs)

The OPOs are resonant cavities for signal or the idler or both so as to provide a suit-
able feedback to the optical parametric amplification process. Accordingly, the mirrors
are designed to strongly reflect one or more beams involved in the thre-wave mixing pro-
cess. According to the reflectivity of the mirrors, the OPO cavities are categorized into
three types namely, singly resonant OPO (SRO), Doubly resonant OPO (DRO) and Triply
resonant OPO (TRO) OPO [41, 42].

(a) Singly-ResonantOPO

/ W

(b) Doubly-Resonant OPO

(c) Triply-Resonant OPO

Figure 2.6: Types of cavity configuration of a linear cavity OPO (a) Singly resonant OPO (b) Doubly
resonant OPO (c) Triply resonant OPO
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In SRO, one of the three interacting waves is made to oscillate within the cavity (figure
2.6 (a)). The threshold pump required to begin signal or idler oscillation in an SRO is
maximum (O(1 — 10W)) [11]. In order to reduce the threshold pump power, both the signal
and idler beams in the OPO are made to oscillate within the cavity. This configuration is
termed as the DRO (figure 2.6 (b)). It is also possible to make the pump beam oscillate
within the cavity in addition to the signal and idler. This configuration of OPO is known as
TRO (figure 2.6 (¢)). The TROs offer the lowest threshold as compared to SRO and DRO.
However, stable oscillation in DRO and TRO is challenging, as the required resonance
condition for more than one number of waves must be fulfilled simultaneously within the
same cavity. Despite the highest pump threshold, SROs offer the most viable solution for
generating high-power and tunable radiation over a wide spectral band. Here, we mainly
discuss the SRO which is relevant to the present work. Figure 2.7(a) illustrates the typical
cavity configurations for SRO devices. The linear cavity configuration is the simplest one
which comprises nonlinear crystal enclosed by two mirrors.

Figure 2.7 (b)-(d) represents a few variants for the OPO cavities. The linear, X- and V-
cavities (Fig. 2.7 (a), (b) and (d)) are standing-wave cavities. The ring cavity configuration
(Fig. 2.7 (¢)) is a travelling-wave cavity. Standing wave cavities are suitable choice of
ultrafast OPO architectures. Due to the fact that the synchronization of pump pulse and the
oscillating beam could be easily achieved. The standing wave cavity could obtain the gain
only when the oscillating beam and the pump beam are co-propagating and the oscillating
signal suffers loss when it is counter-propagating with respect to the pump beam. The
travelling-wave cavities provide advantage in terms of isolating the back-reflection of pump

as well as facilitates unidirectional propagation of all the beams.
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(c) Ring Cavity (d) X - Cavity

Figure 2.7: OPO cavity designs (a) Linear cavity, (b) V-cavity, (¢) Ring cavity, and (d) X-cavity
2.11 Cavity design and ABCD matrix method

The working of the OPO is dependent on the optimum cavity design 7.e the selection
of cavity mirrors, separation between them in a particular cavity setting. The Gaussian beam
propagation inside the cavity could be understood through the ABCD matrix approach [43].
The Gaussian beam propagation in the cavity begins with an initial beam diameter defined
as,

1 1 A

Z— - 2.74
g R mnw? 2.74)

Here, R refers to the radius of curvature and w, is the spot size of beam which is 1/e
drop in amplitude. is the 1/e'* drop in intensity of the beam in transverse direction. By
considering a symmetric cavity configuration where the beam waist is located at the crystal

center and accordingly the radius of curvature at the crystal center is infinite, the Gaussian
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beam parameter is expressed as,

(2.75)

For stable oscillations, the beam waist at the crystal center should be identical after one

round-trip.
800
Eeoo} i
0 : % %
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Figure 2.8: Variation of resonating beam radius as the beam propagates inside the cavity. The dis-
tance axis startes from the center of the crystal and the beam path is as presented in figure
2.7(d)

For a better understanding, we consider a ring resonator configuration as shown in figure
2.7(c). For this experimental configuration, we have considered the beam waist at the center
of the crystal is 75m and for a stable resonating condition the beam waist at the center of
the crystal must be same after every round trip of the resonating beam. Therefore, after each
round trip, the beam waist at the crystal center should be 75um. In this given configuration,
we are using a 80 mm long PPLN crystal. This corresponds to an optimum focusing
parameter £ ~ 1. The resonating signal wavelength is assumed to be 1570 nm. The
refractive index of the crystal at 100°C’ crystal temperature is 2.14. Hence, the beam waist

of signal at different positions of a stable ring cavity is thus calculated using the Gaussian
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beam parameter and the ABCD matrix at each component of the resonator cavity. Hence
the beam waist of signal at different positions of a stable ring cavity is thus calculated and

can be plotted shown in figure2.8.

2.12 Conclusion

In conclusion, this chapter has provided a comprehensive overview of nonlinear op-
tical processes, including SFG, SHG, DFG, OPG, and OPO. The efficiency and effective-
ness of these processes heavily rely on satisfying the phase matching condition. QPM has
emerged as an exceptional alternative for achieving phase matching in nonlinear optical
processes. By introducing periodic modulation in the nonlinear crystal’s properties, QPM
enables access to higher nonlinear coefficients, expanding the range of achievable wave-
lengths and enhancing the efficiency and tunability of OPOs. OPO, in particular, stands
out as a versatile and powerful technique, offering coherent and tunable light across a wide
range of wavelengths. OPO finds extensive utility in various scientific and technological
domains, including spectroscopy, quantum optics, and laser engineering. The enhanced
phase matching capabilities provided by QPM further enhance the efficiency and perfor-

mance of OPO systems.
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Chapter 3

Study of thermo-optic effects in singly- res-
onant optical parametric oscillator

3.1 Motivation

OPOs are versatile and widely-tunable coherent high power sources, exhibiting po-
tential to cover the conventionally inaccessible segments of em spectrum. The generated
wavelengths in different spectral bands lead to a variety of applications ranging from spec-
troscopy and medical science to security purposes. The high-resolution infrared (IR) spec-
troscopy has been employed for non-invasive investigation of the neural activity as well
as to monitor the quality of seeds for quality evaluation [1, 2, 3, 4, 5]. Continuous-wave
(CW) SROs generating wavelength in near-IR (NIR) to mid-IR (MIR) spectral band could
find important applications in high-resolution gas-phase spectroscopy and trace-gas sens-
ing as a result of the fact that a wide range of gas molecules have fundamental absorption
lines and overtones for the rotational-vibrational states in this regime [6, 7, 8]. Tunable IR
sources are the crucial component of remote sensing technology [9]. Conventional NIR
laser diode sources provide a monolithically integrated architecture but they possess a lim-
ited tunability in wavelength [10]. Diode laser sources based on lead-salt offers tunability
from ~ 3.0 — 30 um [11, 12]. However, its operations are limited due to bad beam quality
and low output power. In addition, the requirement of cryogenic cooling for the operation
makes these sources substantially complicated [13]. Another available IR source is Quan-

tum cascade lasers (QCLs) covering the spectral range from ~ 3.5 — 24.0 um [14]. QCLs
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exhibit very limited wavelength tunability which dictated by the gain-bandwidth offered by
the intra-band transitions in a semiconductor lasing medium [15, 16].

On the other hand, CW OPOs exhibit continuous wavelength tunability (> 100 nm)
along with high power (> 1 W) delivery. In addition, they deliver beams with Gaus-
sian spatial mode. The CW OPOs are based on resonant power enhancement for signal
beam generated in an OPG process inside a nonlinear crystal having non-zero second-order
nonlinear susceptibility. A wide range of nonlinear crystals have been investigated till to-
day. Amongst these, SROs based on LiNbO3, LiTaO3 and KTiOPO, are extensively
used for single-frequency NIR (1400-1700 nm) and MIR (2400 — 4000 nm) generation. A
long-length periodically-poled (PP) nonlinear crystal could facilitate phase-matched gener-
ation over extended interaction length that could generate high-power frequency converted
beams [17]. For SRO sources working in the MIR regime, periodically-poled LiNbO3
(PPLN) is widely used for the nonlinear frequency conversion process due to its high ds3
(=~ 25pm/V) [18]. However, the PPLN based SROs pumped by visible laser sources (400-
800 nm) exhibit a low photorefractive damage threshold and therefore, rendered unsuitable
when pumped by high-power (> 2 W) lasers in the visible band (400-800 nm) [19]. In
addition, in these pumping regions, green induced infrared absorption (GRIIRA) is pre-
dominant in a PPLN crystal. Owing to these causes, the pump sources in the visible re-
gion have limited performance in SROs based on Li:NbO5 [19]. MgO-doping in LiNbO;
have tried reduce the limitation but still, it is still frac from being rendered insignificant in
the high pump power regimes [20]. In this context, the stoichometrically grown LiT'aO5
based SROs have been shown perform exceptionally well owing to high damage threshold,
low optical absorption and high thermal conductivity [20, 21].The LiT'aOj3 crystals pos-
sess transparency in ultraviolet band and are highly resistant to the photorefractive damage
[22, 23]. It is also worth pointing out that the thermo-optic effects are significantly sup-

pressed in the stoichiometric variant of LiT'aO3. However, long length fabrication of PP
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LiT'aO3 (PPLT) crystals is challenging and therefore, the congruently-grown variants of
PPLT are being explored. In the present chapter, the thermo-optic manifestations inside the

congruently-grown PPLT (cPPLT) crystal is explored using an SRO configuration.

3.2 Experimental configuration

Green l
Laser HWP Ll

My K M,
'E*;_.;ul 1
- ~

Figure 3.1: A schematic of the experimental set-up for MgO:cPPLT SRO; HWP: Half-wave plate,
PBS: Polarizing beam-splitter, /1: Concave lens, [o: Convex lens, M7 2 3 4: Curved mir-
rors forming the cavity, OV: Temperature controlled oven housing the nonlinear crystal,
NC: Nonlinear crystal (MgO:cPPLT), Ms5: Dichroic Mirror, D1 2: Thermal Detectors

The schematic of the experimental setup for the MgO-doped congruently-grown PPLT

(MgO:PPLT) SRO is shown in figure 3.1. The fundamental pump source is a continuous-

wave fiber laser (IPG-GLR-20-SF) delivering a linearly-polarized beam having wavelength

(A\) = 532 nm. The green beam has M? < 1.2, with linewidth Av < 1M Hz. The input

power of the laser is controlled by a pair of half wave plate (HWP) and a polarizing beam

splitter (PBS). A second HWP is required to manage the polarization of the beam required
to achieve the phase matching condition, which helps to get access to the highest nonlinear

coefficient. A suitable combination of lenses comprising of a concave lens (f = —100mm)

and convex lens (f = 100 mm) are used to get a desired beam waist at the center of the
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crystal satisfying the criteria set by Boyd-Kleinmann theory of frequency conversion using
Gaussian beam. The mirrors M, My, M3 and M, are the cavity mirrors, among which M,
and M, are curved mirrors (—100 mm radius of curvature) Mirrors M3 and M, are plane
mirrors. All four mirrors are highly reflective (R > 99%) for the wavelength between
710-850 nm :.e. for the signal beam. The mirrors are highly transmitting for 532 nm and
1600-1950 nm wavelength bands. Hence, these are highly transmitting for the pump and
the idler beam. A dichroic mirror (Mj) separates the pump beam from the idler beam.
The nonlinear crystal used in SRO cavity is 8 — mol% MgO doped cPPLT crystal (HC-
Photonics Taiwan). The nonlinear crystal is 50 mm long having a rectangular aperture with
dimension 2mm x 0.5mm. The poling period of the grating is A = 9.1um. The crystal
faces are anti-reflection coated for pump, signal and idler wavelengths. The MgO:cPPLT
crystal is housed inside a oven whose temperature could be varied from 20°C' to 200°C in

steps of 0.1°C

3.3 Results and Discussion

We started the SRO characterization with wy, = 30um beam waist leading to Boyd-
Kleinman (B-K) focusing parameter { &~ 2.1. The threshold of the SRO is P45 = 500 mW
at oven temperature 7,, = 50°C". The observation of small SRO threshold could be at-
tributed to the high single-pass gain in MgO:cPPLT crystal owing to an optimum value
of £ (= 2.84) [24]. However, the SRO output saturates at pump power P, ~ 1.2 W.
The maximum observed idler power is Pj(,q,) &~ 200 mW. In this SRO configuration, the
thermal-lensing effect is predominant for £, > 1.4 /. Consequently the signal oscil-
lation stops and the SRO stops to operate when the pump power P, goes beyond 1.5 W.
In order to achieve SRO operation at high pump powers, we increased the beam waist to

wy = 60pm having & ~ 0.5. Hence, the threshold of oscillation increases to P, ~ 2.1
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W at the crystal oven temperature 7,,, = 50°C'. We have observed the P;;, almost remains

same across the entire wavelength tuning range.

3.3.1 Wavelength Tuning

We have observed the wavelength tunability of the SRO by changing the oven tem-
perature. By changing the oven temperature from 50°C' to 160°C" at a fixed pump power
of P, ~ 3.4 W, the idler wavelength could be coarsely tuned from 1815 nm-1920 nm (see
Fig. 3.2). The average value of the idler power (over the entire tuning range) is =~ 470 mWW.
Also, we have observed a drop in idler power at higher oven temperatures. The drop in SRO

idler power could be attributed to,
1 Operation at wavelengths significantly away from degeneracy [17]
i1 Non-uniformity in mirror coating and anti-reflection coating for MgO:cPPLT crystal

iii Thermo-optic behavior of the nonlinear crystal at the higher temperature
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Figure 3.2: Variation of idler power as a function of MgO:cPPLT crystal temperature (for P, ~ 3 W
and wg ~ 60 um)

Amongst the above-mentioned factors, argument (iii) plays an effective role in the

drop of the efficiency since argument (i) and (i7) could contribute to 10 — 15% in the
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efficiency drop. The efficiency drop is significantly influenced by the argument (ii7) as
both arguments (2) and (z2) collectively contribute to a 10-15 % reduction in efficiency. In
the later section of this chapter, we will discuss the impact of thermo-optic effects on the

generated beam.

3.3.2 Power Scaling
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Figure 3.3: (a) Variation of idler power and pump depletion (in %) as a function of pump power (at
crystal temperature I’ = 50°C' and wg ~ 60um (b) Variation of idler power and pump
depletion (in %) as a function pump power (wg = 60 um) at fixed chopper frequency
of 530 Hz.

In the entire wavelength tuning range at fixed F,, the maximum £, is obtained at T,,, =
50°C' (in figure 3.2). At this oven temperature, we have performed the power scaling of
the SRO by varying the P, shown in Fig. 3.3(a). The F; increases with an increase in
P,. But we have observed saturation in P when P, ~ 3.1 W and tends to drop for
P, > 3.4 W. From the observations in Fig. 3.3(a), it could be inferred that the saturation
in idler power (F) sets in when P,(sat)/P,(th) ~ 1.5. For further investigation, we have
carried out the observation of pump depletion with F,. Pump depletion is the percentage

representation of the ratio between the leftover P, after the nonlinear generation process to

the input P,. The leftover power from the SRO could be collected with the dichroic mirror
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M3, which separates the pump from the idler beam. A similar saturation effect could also
be observed for the pump depletion shown in figure 3.3(a), which tends to flatten around
65 — 70%. In the theoretical aspect, we could represent the variation of F; generation with

P, (for moderately focused beams) is governed by the relation [25]
Wo; Ap . o
Pi(z=L) = —+~—sin"(I')F,(2 = 0) (3.1)

where
SiIlQF . Pp(th)
rz P

p

(3.2)

By taking into account the experimental parameters we have simulated the variation in P,
with P, shown by the solid line in Fig. 3.3(a).shown by the solid line in Fig. 3.3(a). We
have observed a close relevance between the experimental measurement and the simulated

result up to £, < 3.0 V.

3.3.3 Thermo-optic manifestations

With a view to obtain deeper insight on the idler power saturation and subsequent
back-conversion, we investigated the impact of pump (green) beam towards the manifes-
tation of photo-thermal effects in MgO:cPPLT crystal. Although, the crystal thermal load
tends to reduce when the pump beam-waist increase from wy = 30 um to wy = 60 pum, it is
far from being insignificant. In order to ascertain the role of thermo-optic effects, we have
chopped the CW pump beam periodically at a frequency of 530 H z mechanical chopper
with 50% duty-cycle. Chopping of the pump beam decreases the average power. Hence the
threshold for SRO operation with average P, is P, =~ 1.2 W, and the average output
1S Pi(maz) ~ 400 mW. In this configuration maximum depleted pump power is of ~ 65%
as shown in figure 3.3(b). From the observations, it has been observed that, although the
idler power does not exhibit any saturation up to P, ~ 2.4 W, the variation is not linear. In

addition, the pump depletion exhibits a peak (near 2.2 W average pump power) and tends to
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drop when the pump increases further. The slope change in idler power as well as pump de-
pletion for a quasi CW beam are distinct signature of back-conversion (to pump) in the SRO
owing to thermo-optic effects. The thermo-optic effects in MgO:cPPLT crystal essentially

include
1 Thermal-dephasing (longitudinal wavevector mismatch)
ii Thermal-lensing (or wavefront distortion)

In view of drawing more information regarding the photothermal effects we have
carried a systematic comparison between the stoichometric and the congruent variant of the
LiTaO3 nonlinear crystal. We note that congruently-grown LiT'aO3 (cPPLT) exhibits the

following properties in comparison with the stoichiometrically-grown variant.
1 Low thermal conductivity (K)
i1 High absorption in the visible and the NIR band

iii Large thermo-optic coefficient (j—;

The thermal conductivity determines the rate of heat (energy) flow from a source
to the surrounding (or sink) over a given length of the medium which is kept at a known
temperature. At room temperature K .pprr) = 4.4 W/mK and (K ;pprr) = 8.5 W/mK).
Here we could observe that thermal conductivity value of sPPLT orientation is about twice
the value of cPPLT. In CW high-power operation, this plays a crucial role in efficiently
dissipate the generated heat (near the crystal center) to the sink (oven). Hence, the smaller
value of k for cPPLT prohibits the heat transfer leading to accumulation of heat in the bulk
of crystal, thereby increasing phase-mismatch (Ak). In our experimental setup we have
measured the linear optical absorption (c.ppr7) at 532 nm for the cPPLT crystal along the

propagation length of 50 mm. The measured value of a.pp;r by varying P, from 2.0-4.5
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W is ~ 0.082 em~'. The value of a,pprr is = 0.03 em ™! and is three times smaller than
acpprr [26]. In order to appreciate the cumulative impact of absorption of pump (green)

and thermal conductivity on phase-matching, we solve the heat conduction equation given

by,

A>T apl,

—_— = — 33
dz? K (3-3)

We have considered the temperature of the crystal facestobe 7' = 90°C' at z = i% (assum-
ing z = 0 is at the crystal center) as the boundary condition. We have solved the differential
equation along the propagation direction. We adopt a simulation technique which is identi-
cal to that prescribed by O. A. Louchev et al. It is worthwhile to point that the heat differ-
ential equation is dependent on the intensity. The intensity variation along the propagation
direction (along z-direction) has a dominant contribution from change in Gaussian beam
radius (w(z)). [27]. Hence, we have simulated the variation of temperature along the crys-
tal length using the differential equation considering the above mentioned boundary condi-

tion. The simulation results along the z-direction is shown in 3.4(a,b), where the colour map
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Figure 3.4: Simulated variation of temperature within the crystal (colour-code) as a function of
length and pump power (varying from 2 — 4.5 W) (a) for sPPLT, (b) for cPPLT.

represents the change in temperature. It is apparent that the rise in temperature (for maxi-
mum input F,) at the crystal center for cPPLT is about 97°C' and it is significantly higher

(AT 0z = 7°C") as compared to that for sSPPLT (AT, =~ 2°C'). Hence there is a rise in
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temperature locally. This increment in temperature could lead to a change in ‘Ak(7T) — K~

[wpnp (T)—wsns (T)—wini(T)] -

in each period of the periodically poled crystal. Here, Ak(T") = - is

the phase-mismatch, K = 2{ is the 1%*-order grating constant and n,,, n,, n; are (extraordi-
nary) refractive index for the crystal at the pump, signal and idler wavelengths respectively.
Hence, the cumulative phase mismatch determines the effective interaction of the nonlinear

medium obeying the relation,
YAE(T)AN — KLy =m (3.4)

Here, the summation is carried over all the grating elements present within the length * L s ¢’

and is given by the relation;
s

Lery = Ao (3.5)

where (Ak), .. represents the maximum value of the phase mismatch that inhibits the pump

to idler conversion beyond L.¢¢. In terms of Taylor series expansion Ak could be repre-

sented as;
0Ak
Ak ~ Ak|T:TPIW + a_T|T:TP]WAT (36)
where,
0Ak 1. 0On (9718 on;
a_T|T:TPI\/I = [wp 8757 ’T Tpm — aT |T Tpm — (wp >8T |T TPM] (37)

Hence, we could observe that the crystal length exceeding L.f; would not be con-
tributing to idler-power generation. On the other hand, when the crystal is sufficiently long,
the cumulative impact of back-conversion and linear absorption (in the region L > L)
could reduce the idler power as the pump power increases. Using the relation 3.5 and 3.6,
we have calculated value of L.¢¢, which varies from 18 mm to 19 mm for pump power
level varying from 2.2 W to 3.5 W. By altering the focusing conditions, L.s; could be var-

ied over a wider range. From a comparison in between Figs. 3.4(a) and (b), it is apparent
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that AT (at z=0) is substantially higher in cPPLT as compared to sPPLT. From the mate-

rial dispersion, 288maz| ppr = 0.0023 /m/°C and 28kmes| ppy = 0.0017 /m/°C

which leads to % ~ 10[28]. This point to the saturation in in idler (for cPPLT)
is expected at nominal pump powers. It is worth pointing out that idler power saturation
in MgO : sPPLT based SRO has not been observed up to P, ~ 9 W (with pump at
A = 532 nm wavelength) [29]. The contribution of Gaussian pump beam intensity in

the variation of crystal temperature along the transverse direction could be understood ex-

plicitly as follows. In figure 3.5(a) and (b), a temperature map representing the maximum
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Figure 3.5: Maximum temperature (represented by the colour map) at the crystal center (z=0) at
different pump beam waist and pump power for (a) MgO:cPPLT (b) MgO:sPPLT. The
crystal oven temperature is assumed to be 90°

temperature attained (at z = 0 in figure 3.5 in 50 mm -long MgO:cPPLT and MgO:sPPLT
crystal when the pump power and the pump beam-waist is varied. The oven temperature
(T,,) is assumed to be fixed at 90°. It is apparent that the maximum change in crystal tem-
perature (at z = 0) is much smaller in MgO:sPPLT for a given pump beam-waist. Also,
the thermal load on the crystal (for a given pump power) could be reduced by increasing
the pump beam-waist. For example, the maximum rise in crystal temperature is apprecia-
bly small (= +1.0°) for an incident pump power of 5.0 W when the pump beam waist is
> 75 pm (see figure 3.5(a)). The maximum rise in crystal temperature (with respect to 7,,)
determines the maximum change in refractive index through the thermo-optic coefficient

i.e. dn/dT [30, 28]. The thermo-optic coefficient for MgO:cPPLT is 4.5 x 107> K ~! and
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that for MgO:sPPLT is 0.2 x 107K ! [28]. This implies a greater change in refractive
index of MgO:cPPLT when an identical change in temperature takes place in MgO:cPPLT
and MgO:sPPLT crystal. A map of longitudinal variation in Ak at different pump power
levels is represented in Figs. 3.6(a) (for MgO:cPPLT) and (b) (for MgO:sPPLT). This fig-
ure has been simulated assuming an oven-temperature (7,,) of 90° and pump wavelength
of A\, = 532 nm. A comparison of Ak yields an order of magnitude higher values in
MgO:cPPLT crystal (figure 3.6(a)) with respect to that estimated in the MgO:sPPLT crys-
tal. In fact, the impact on Ak(z) at higher pump power is highly significant in MgO:cPPLT
and its role is discernibly reflected in figure 3.3(a) where the idler power tends to reduce
for P, > 5 W. On the other hand, MgO:sPPLT exhibits a much weaker z-dependence of
Ak and the idler power saturation has not been observed for pump power up to 10 W [21].

In addition, local heating in MgO:cPPLT could also have contributions from
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Figure 3.6: Colour-map (simulated) represents the longitudinal (z) variation of phase-mismatch
(Ak) as a function of incident pump power for (a) MgO:cPPLT (b) MgO:sPPLT. The
crystal oven temperature is assumed to be 90°

1 green-induced infrared absorption (GRIIRA)

ii Nonlinear (two-photon) absorption (3)

We have performed the GRIIRA by measuring the transmitted power at 1064 nm

wavelength in presence of a orthogonally-polarized high-power beam at 532 nm wavelength
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(= 6 KW peak power). We observed that the 1064 nm wavelength transmission increases
linearly in the entire measurement range. This observation rules out the contribution of
heating from GRIIRA. This is consistent with the investigations on light-induced absorp-

tion in congruently-grown LiT'aOs carried out by S. Alexandrovski et al. [31, 32]. We
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Figure 3.7: Normalized open aperture Z-scan transmission trace of MgO:cPPLT

have explored the possibility of thermo-optic manifestations due to nonlinear absorption.
For this, we carried out the open-aperture (OA) Z-scan transmittance for a 0.5 mm thick
slice of MgO:cPPLT [33]. For the Z-scan measurement, we have used a frequency-doubled
high energy, ultrashort pulse laser (Cazadero-1030, Calmar, US) operating at 1030 nm and
delivering ~ 350 fs pulses at 1 kHz repetition rate. For the frequency-doubling process,
we have used a 4 mm long birefringent crystal L:B30; (LBO). Figure 3.7 represents the
normalized intensity along the scanning length. The scanning length is normalized with the
Rayleigh range. By adopting the recipe prescribed by S. Bahae et al. [33], the nonlinear ab-

sorption coefficient is estimated to be (3) &~ 1.06 x 10~! ¢cm/W. This results in a maximum
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Figure 3.8: (a,b) Recorded (using thermal imaging camera) pump and idler beam-profile at the exit-
face of crystal when P, = 3.5 W (wg =~ 60 um) (c,d) Corresponding beam-profiles of
pump and idler respectively when P, = 4.2 W, (e,f) Simulated beam-profiles for pump
and idler at the crystal exit-face when P, =4 W, (g,h) Corresponding beam-profiles of
pump and idler respectively when P, =6 W.

nonlinear absorption 37, ~ 3 x 1077 em ™! which is extremely small in comparison with

acpprr- Enomoto et.al. have measured the nonlinear absorption for cPPLT without the

grating has has resulted in 3 = 2.6 x 1072 ¢cm /W [34]. It is predicted that the suppression

in § is mainly a consequence of periodic domain inversion in periodically poled crystals

[35].
3.3.4 Spatial beam characteristics

It has been shown previously that the favorable conditions could result in self-guiding
effect and optical bistability in SROs [36, 37]. In the present MgO:cPPLT-based SRO con-
figuration, we have not observed self-guided effects. The early onset of saturation effects
and distortion in idler beam at nominal power point towards absence of self-guided oper-
ation. We have recorded the the spatial beam profile of pump and idler (A\;=1812 nm) at

different power levels using a thermal imaging camera (Spiricon, Ophir; USA). Two repre-
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sentative recorded pump and idler beam profiles at (a) P, =3.5 W (b) P, =0.57 W, (c) P,=
4.2 W and (d) P, =0.54 W are shown in the Figs. 3.8(a)-(d). From the Figs. 3.8(a) and (c)
we could infer that both the pump beams maintain rnear-Gaussian (7'E My,) mode-profile.
The small distortion in the pump beam is due to the un-optimized beam collection optics to
capture the beam profile. On the other hand, the idler beam exhibits significant distortion
as shown in Figs. 3.8(b) and (d) respectively. This distortion is essentially dictated by an
asymmetric temperature gradient which is created by superposition of the temperature pro-
files made by the oven and the pump laser beam. By adopting the recipe proposed by O.
A. Louchev et al. [27], we determined the pump and idler beam profiles at the crystal exit
face which is shown in Figs.3.8(e-h) when P, = 3.8 W (Figs. 3.8(e,f)) and P, = 4.5 W
(Figures 3.8(g,h)). Here, it is apparent in the Figs. 3.8(f) and (h) that the simulated idler
beam profile undergoes discernible distortion for P, > 3.5 W.For smaller F,, we obtained
near-Gaussian beam profile for the idler. The variation in idler beam-profile corroborates
reasonably well with the experimentally measured counterparts in figure 3.8(b) & (d) bar-
ring the small difference in pump power values and impact of non-optimized optics used
for recording the infrared (idler) beam. The difference in pump power values could be

attributed to unaccounted parasitic losses and crystal inhomogeneity in the simulation.

3.4 Conclusion

We have reported a SRO based on 50 mm-long congruently-grown, periodically-
poled LiT'aOs crystal pumped by high power 532 nm fiber laser. This SRO exhibits early
onset of saturation as well as idler beam distortion due to (a) high linear absorption at
pump wavelength (b) low thermal conductivity (c) high thermo-optic coefficient (dn/dT)
for MgO:cPPLT crystal which essentially results in the generation of strong thermal gra-

dient [34, 38, 39]. The temperature gradient induced focusing leads to a focal length of
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~ 11 cm when P, ~ 4.5 W and tends to be longer for smaller F, [40]. It is worth pointing
out that the linear absorption of MgO : ¢PPLT in the signal wavelength band is about
6.5 times smaller which is also accompanied by a broader beam-waist at the crystal center.
Therefore, in case of MgO:cPPLT based SRO, the impact of signal absorption is appreciably
small and has weak effect on SRO performance. The temperature induced phase-locking
in MgO:cPPLT based SRO is a promising possibility to explore [40]. A large thermo-optic
coefficient in conjunction with high absorption in MgO:cPPLT would significantly reduce
the phase-locking threshold. Conventionally, the thermo-optic effects are less pronounced
in case of ultrashort pulse pump lasers with low repetition rates (RRs). However, a high
RR (> 100 M Hz) of an ultrashort-pulse pump laser could result in discernible longitu-
dinal (z) variation of phase-mismatch (Ak) by virtue of accumulated thermal effects. An
optimum sweep in Ak (through suitable beam focusing) paves a plausible route to achieve
broadly tunable, adiabatic ultrashort pulse frequency conversion with efficiencies > 60%

in long-length crystals.

This Chapter constitutes the following journal publication:

* R.R. Sahoo, M. K. Shukla, and R. Das, “Thermo-optic effects in congruent-LiT'aO3
based continuous-wave optical parametric oscillator”, IEEE Photonics technol. lett.,

33, 1069-1072 (2021)

* R. R. Sahoo, M. K. Shukla and R. Das, “Green laser pumped congruently-grown
LiNbO;3 based singly-resonant optical parametric oscillator”, Results in Optics, 9,

(2022).
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Chapter 4

Stimulated polariton scattering in L:/NbOs
based singly-resonant optical parametric
oscillator

4.1 Motivation

Lithium Niobate (LiNbO3) is one of the most widely-used ferroelectric crystal for
nonlinear frequency conversion processes due to a high value of second-order nonlinear

optical susceptibility (Xéé)

)[1, 2, 3,4, 5]. The engineered electric-field induced poling in
LiNbOs crystals facilitate in accessing the largest nonlinear coefficient (Xg?) in a variety of
frequency conversion processes [0, 7]. On the other hand, Li NDOj crystal possesses a wide
transparent window ranging from 330 — 5500 nm. This property improves the applicability
of LiNbOs-based tunable optical sources over a wide spectral band. From a spectroscopic
viewpoint, LiNbO3 posses active transverse-optic (TO) phonon mode branches, thereby
displaying both Raman-activity as well as infrared-activity [8, 9, 10]. The interaction of
transverse optical (TO) lattice vibrations with an electromagnetic (EM) wave modifies the
nonlinear optical susceptibility such as (x(? and x®)). This scattering process facilitates
the generation of polariton modes having a predominant EM character [11, 12]. In general,
the polariton mode frequency is situated in the far-infrared (FIR) or terahertz (THz) fre-
quency band. This polariton induced scattering results in a frequency-shifted Stokes beam

[13, 14]. When the Stokes beam generates through a concomitant stimulated process, it is

known as stimulated-polariton-scattering (SPS). It is worth pointing out that the gain co-
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efficient of Stokes mode (or the polariton mode) is primarily dictated by the electronic as
well as ionic (Raman) contribution to x? [15]. A significant attenuation is observed by
the polariton beam, by virtue of a dominant imaginary component of dielectric constant for
LiNbO5 at low (FIR) frequencies. It is important to note that phase matching constraint
is an important criteria for the SPS process. Consequently, this adds to the system com-
plexity for realizing an efficient SPS process, particularly in a cavity configuration. SPS
in LiNbO3(LN) and K'TwPO, (KTP) have been widely investigated using pulsed pump
sources [16]. A LiNbO3-based polariton laser has been demonstrated by Warrier et al.
which generates frequency tunable ultrashort pulses in the terahertz (THz) spectral band
through a forward propagating SPS process [17]. On the other hand, Jang et al. demon-
strated a tunable laser source using a backscattered polariton mode in a KTP crystal [18].
In general, a backscattered polariton mode exhibits a large imaginary component of the
propagation constant and consequently, it undergoes strong attenuation in the propagation
direction. Therefore, the lasers based on backscattered polariton mode have extremely high
threshold [19]. Using KiTiOAsO4 (KTA) crystal, a polariton laser with a wavelength
tunability from 1078 — 1087 nm, have been demonstrated by Zang ef al. [20]. In a few
configurations, the polariton modes were excited in a LiNbO3 based doubly-resonant op-
tical parametric oscillator (OPO) around the degeneracy with an aim to generate tunable
radiation [21, 22]. Although, the pump threshold tends to reduce in a doubly-resonant
cavity, the far-infrared (FIR) output is quite unstable [23, 24]. In Li:NbOs-based singly-
resonant OPO (SRO), L. Liu et al. have observed multiple frequency shifted signal beam
at higher pump powers with 47 cm ™1, 94 em~! and 104 cm ! shifts. Such shifts have been
attributed to stimulated Raman scattering (SRS) [25, 26]. However, it is crucial to note that
the smallest TO phonon mode for LiNbOj is situated at ~ 248 cm ™! which belongs to
vibrations possessing conventional A; symmetry. Therefore, the small frequency-shifted

peaks in the SRO signal are essentially excited by virtue of polariton-mode scattering that
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could be practically termed as SPS Stokes modes [22]. In presence of a strong pump, A.
J. Lee et al. observed a cascaded SPS process in Mg doped LiNbO3; when the funda-
mental and the Stokes beams were resonated in separate cavities[27, 28]. This lead to a
broad spectral tunability in the THz band spanning from 1.3 T'Hz to 2.6 T"Hz [29]. The
aforementioned explorations indicate that a SPS process in conjunction with a Li NbO3-
based SRO configuration could provide an extremely wide tunable spectrum ranging from
mid-infrared (MIR) to FIR (or THz) band [30, 31]. In addition, if the advantage brought
about by an SPS process could be integrated within a single SRO cavity, then the complex-
ity towards generating tunable FIR radiation would significantly simplify. In this chapter,
we will demonstrate a continuous-wave (cw)-SRO based on an 80-mm long MgO-doped
periodically-poled LiNbO3; (MgO:PPLN) crystal. The SRO is a four mirror ring cavity
generating (resonant) signal beam near communication band (1.5 pm) and single-pass idler
whose frequency is tunable in the MIR band (3.5 — 3.8 um). At nominal pump powers, res-
onant signal exhibits multiple side-peaks which are attributed to SPS process in MgO:PPLN
crystal. A comprehensive study has been carried out to understand these discretely spaced

polariton modes on the basis of the dispersion property of LiNbOs crystal.

4.2 Experimental Configuration

The schematic for the experimental set-up is shown in Fig.4.1 which comprises a fiber
laser pump delivering ~ 40 W of linearly-polarized, single-frequency output at 1064 nm
wavelength and M? < 1.1. A half wave plate (HWP), in conjunction with a polarizing
beam splitter (PBS) is used for controlling the incident pump power (F,). The second
HWP is used to obtain a suitable pump polarisation for carrying out phase-matching in
MgO:PPLN crystal. Two lenses L; (f = —75mm) and Ly (f = +100mm) are employed

for obtaining optimum beam-waist at the center of MgO:PPLN crystal. In accordance with
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Figure 4.1: A schematic of the experimental set-up for the SRO; HWP: Half-wave plate, PBS: Po-
larizing beam-splitter, /1: Concave lens, l: Convex lens, M 2: Plano-concave mirrors,
M3 4: Plane mirrors, OV: Temperature controlled oven housing the nonlinear crystal
MgO : PPLN, Ms: Dichroic Mirror, D1 2: Thermal photodetectors
the Boyd-Kleinnman (BK) theory for maximizing the frequency conversion efficiency, the
pump beam is focused to a spot-size of radius wy, ~ 75pm which results in a focusing
parameter § ~ 1.5[32]. Thisis about half of the optimum value of §,, ~ 2.84 which allows
us reduce the thermal load on the MgO:PPLN crystal [32]. The SRO is comprised of a four-
mirror ring-cavity with two curved mirrors having radius of curvature (ROC = —200mm)
and two plane mirrors. The cavity design ensures a cavity length of =~ 100 ¢m. The cavity
mirrors are highly reflecting (R > 99%) in the 1350 — 1650 nm wavelength range and
highly transmitting (7" > 85%) for the pump (1064 nm) as well as idler (2500 — 4500 nm)
wavelength range. The SRO nonlinear crystal is an 80 mm long and 1 mm thick multi-
grating MgO:PPLN crystal with grating periods varying from A = 27.5 uym to A = 30 um
so as to facilitate #ype-0 phase-matching. The entry as well as exit surface of MgO:PPLN
crystal is anti-reflection (AR) coated for pump, signal and idler wavelengths. The crystal
is housed in an oven whose temperature (7},,) could be varied from room temperature to

200°C so as carry out coarse wavelength tuning of the signal and idler modes.
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4.3 Results and Discussion

4.3.1 SRO: Wavelength Tunability and Conversion Efficiency
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Figure 4.2: (a) Variation of SRO idler wavelength and idler power as a function of crystal oven
temperature (1,,) for Agpyr = 29.5um SRO (represented by the top color bar) Inset:
Variation of idler power as a function of pump power when 7, = 100°C. (b) Mea-
sured conversion efficiency (magenta dots) and depleted pump power (blue dots) when

Toy = 100°C and Agpar = 29.5 wm as a function of PI(D; o The solid magenta curve
P

represents the expected theoretical variation.

The SRO generates wavelength in MIR spectral band and exhibits a threshold pump
power Prj, of ~ 9.5 W at oven temperature 7T, = 100°C'. For an efficient MIR generation,
we have used a periodically poled LiNbOj crystal with grating period A = 29.5um. By
changing the T, the SRO idler wavelength ();) could be coarsely tuned from 3625 —
3825 nm. The idler beam was separated from the pump beam by the dichroic mirror Ms5.
We have observed that, in the wavelength tuning range, the threshold for oscillation varies
between 8 — 10 IW. The signal wavelength () could be tuned from (1470 — 1510 nm)
by changing the crystal oven temperature. We have represented the variation of idler power
(P;) with \; in figure 4.2(a). The colour map represents the temperature scale associated
with the oven. The drop in P; at smaller 7}, could be due to the higher absorption by

MgO:PPLN crystal at longer IR wavelengths (> 3700 nm).
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4.3.2 Power Scaling

In order to get a deeper insight of the SRO operation, we have observed the variation
in P; as a function of pump power (F,) at T, = 100°C' which could be observed in Fig.
4.2(a) inset. From this study, we have observed a linear variation of P; as a function of P,
up to =~ 13 W which is followed by the saturation behaviour. A maximum of ~ 1.9 W
idler power could be obtained from the present SRO configuration for a maximum pump
power of P, ~ 24 WW. This corresponds to a conversion efficiency of ~ 8.4%. It is also
worthwhile to note that the maximum pump depletion of 62% was observed at P, =~ 17 W
which reduced to ~ 55% at P, ~ 24 W. Assuming a Gaussian pump beam, the internal
SRO conversion efficiency at the exit face (z = —|—§ in Fig. 1) of the MgO:PPLN crystal

could be theoretically estimated from

B(Z = %) [ 1 In(N) 9
N= s 20 = +/ e " cos” I'(z)dx (4.1)
Pz = _%) N 0
where ' could be estimated from the dispersion relation cos*(T") = 1 — Fjﬁm, N = —pr
Th

and z = i% refers to MgO:PPLN end-faces [33]. This model predicts the pump depletion
to be = 71% when P, ~ 6.5FPr,. However, we have observed the onset of saturation
in the pump depletion starts when P, ~ 1.7Pr;,. A small SRO frequency conversion
efficiency in conjunction with high pump depletion (> 55%) as well as an early onset
of saturation drew our attention to the high intra-cavity (resonant) signal power (FP;) and
its manifestations. Previously investigations have shown that in the presence of high intra-
cavity signal power (P;) introduce enhanced absorption in the nonlinear crystal and could be
manifested in the form of thermal dephasing as well as thermal lensing. This could resultina
self guided process, which in turn modifies the beam quality [34]. In addition, the cascaded
x@-x? processes have also been reported [35]. The high intra-cavity power could also be
employed to carry out the SHG of signal beam. This in turn enhance the spectral coverage

of an SRO [36]. Additionally these high intra-cavity P could interact with the vibrational
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levels of the Li NbOs crystal giving rise to the possibility of simultaneously exciting Raman-
active as well as IR-active TO phonon modes. As a result, frequency-shifted modes could
be generated which are termed as Stokes beam. When the difference between the Stokes
wavelength (\,;) and A, are small, they could satisfy the resonant condition for the SRO.
If the gain cross-section for Ay overcomes the cavity loss, it starts to oscillate. Previously,
such resonant frequency shifted Stokes beam have been attributed to stimulated Raman
scattering (SRS) [22].

The phenomenon discussed above are attributed to the high power FP;. This high power
intra-cavity signal beam could coherently interact with IR-active TO phonon modes which
have predominant photon-like character. This phenomenon could generate polariton modes.
In general, these modes typically situated in the low energy FIR (or THz) spectral band.
Such polariton modes could be generated through a stimulated process when the SRO signal
as well as the Stokes beam are nearly collinear and consequently, this process is termed as
stimulated polariton scattering (SPS). The phase matching condition associated with this

SPS process is given by the relation;

— —

ks = kg + EFIR (4.2)

where Ep IR Est and Es are the wavevectors corresponding to polariton mode, SRO signal
mode and the Stokes mode respectively. The PM condition is schematically represented in
Fig. 4.3 where it could be observed that the signal and Stokes beams have a small angular
separation (< 5°) and the FIR beam generated through the SPS process propagates in nearly

orthogonal direction with respect to the oscillating SRO signal.

4.3.3 Stimulated Polariton Scattering

The high intra-cavity signal power oscillating inside the SRO could initiate the SPS

process explained in the previous section. In order to get an experimental observation,
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Figure 4.3: A schematic to represent the phase-matching between SRO signal beam and SPS Stokes
beam and polariton (FIR) mode. z‘-axis makes an angle ¢ with z-axis fixed to the
MgO:PPLN crystal.

we have measured the spectrum of intra-cavity signal beam leaking out of the cavity with
a mid-infrared (MIR) spectrometer containing InGaAs photodiode array (BWTEK Inc.,
USA). The recorded spectrum at a pump power of B, = 20 W is presented in figure 4.4.
Figures 4.4(a and b) represent the spectrum at different crystal oven temperatures 7,,, for
Agpavr = 29.5 pm. The signal spectrum in figure 4.5(a) and (b) corresponds to a grating
period Agpar = 30 pm. In order to get a clear picture with reference to the Raman Stokes
shift, we consider the signal wavelengths to be the excitation wavelengths. With reference

to the signal wavelengths, we have plotted the Raman shifts associated with the polarization

parallel to the optic-axis (c-axis) [37].
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Figure 4.4: Measured SRO signal spectrum (solid blue curve) of the SRO and the expected Raman
spectrum (solid green curve) for MgO:PPLN when (a) Agpyr = 29.5 pm and T, =
50°C (b) Agpnm = 29.5 um and T, = 130°C' (¢) Agpm = 30 wm and Ty, = 52°C
(d) AQPM =30 Hum and Tm, = 127°C.
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In the observation, we have observed side peaks in the signal spectrum of the SRO.
Interestingly, it could be distinctly observed from figure 4.4(a),(b) and 4.5(a),(b) that these
side peaks do not coincide with the expected Raman spectrum (green solid curves). In these
plots, we could observe that the nearest side-peaks have a smaller wavelength shift as com-
pared to the first Raman Stokes mode (=~ 248 cm™!). Also, the wavelength separation
between the SRO signal mode and the first side-peak is smaller in case of a shorter grat-
ing period i.e. for Agpyr = 29.5 pm. In view of the above observation, we could term
the side-peaks as Stokes mode(s). These mode(s) could be explained through the phase
matched interaction presented in equation 4.2. In addition we have studied the SRO sig-
nal spectrum for Agpys = 30 pwm. The spectrum, in this case, exhibits multiple Stokes
modes the second side-peak nearly coincides with the expected Stokes mode for the Ra-
man scattering process (see Fig. 4.5(a) and (b)). It is apparent from the figures that these
wavelength shifts undergone by this side-peak remain unchanged as the crystal oven tem-
perature (1,,) changes. Therefore, we conclude that the second side-peak in signal spec-
trum (for Agpas = 30°C) is the SRS Stokes mode. Consequently, the other Stokes modes
(side-peaks) are essentially due to the stimulated polariton scattering (SPS) process which
discussed in detail later. During the coarse wavelength tuning of the SRO (by varying 7,
from 30°C' to 200°C"), it was observed that the wavelength shift in Stokes mode due to the
SPS process change. In fact, all the Stokes mode disappeared for 7,, > 140°C (when
Agpm = 30 pm) which essentially implies that the SPS Stokes modes (at high 77,,) suf-
fer very high cavity losses. On the other hand, the SPS Stokes mode were observed up to
Ty, = 180°C for Agpar = 29.5 wm grating period. The threshold of pump power required
for the generation of the Stokes mode is ~ 1.25F;,. From the power scaling observation,
we could see that the P, up to this threshold power increases monotonically. In addition,
it could be observed that the theoretical curve (solid magenta line) in Fig. 4.2(a) begins

to deviate from the experimental measurements (magenta dots) around % ~ 1.25. This
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Figure 4.5: Measured SRO signal spectrum (solid blue curve) of the SRO and the expected Raman
spectrum (solid green curve) for MgO:PPLN for Agpyr = 29.5 wm SRO (a) T, =
50°C (b) T, = 130°C

is due to the change in the slope of the idler power as a function of pump power. All the

above mentioned observations indicate that the drop in conversion efficiency takes place

simultaneously with the beginning of the SPS process. In order to appreciate the underlying
mechanism, it is worth noting that the generation of Stokes beam (through the SPS process)
draws significant optical power from the SRO signal beam. Since, the parametric (idler)
generation process in the SRO directly depends on the intra-cavity signal power, the mea-
sured conversion efficiency tends to reduce as early as SPS process sets in. An increase in
pump power henceforth, facilitates further growth of SPS Stokes mode(s) at the expense of

a slower growth of idler beam.

4.3.4 Polariton mode dispersion and gain

In order to explain the above observations, we investigate the transverse optical (TO)

phonon dispersion curve for MgO-doped L:NbOs which is shown in figure 4.6 and 4.7.
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The TO phonon dispersion has been obtained using the relation [8],

wiprr(w)  W? Sv2.
g2 = LR W 77j 43
w2 (xS 0

where k£ and w are wavevector and frequency associated with the phonon dispersion of

MgO-doped LiNbOj respectively, €, is the contribution of high-frequency lattice vibra-
tions to the dielectric polarization and takes a constant value of 4.6 for MgO-doped LiNbO3
[38]. vo;, S; and I'; represents the characteristic TO vibrations associated with A; symme-
try (electric field E || c-axis of LiNbOs), oscillator strength and linewidth respectively for
MgO-doped LiNbOs crystal [8, 38]. An interaction between the SRO signal mode with TO
phonons of LiNbO5 gives rise to Stokes modes. In other words, a high-power intra-cavity
SRO signal beam could facilitate the generation of nonlinear polarisation at a Stokes wave-
length (close to the SRO signal) and at a FIR wavelength (at the phonon mode energy).
For a perfectly phase-matched (IZS = ky + EFIR) interaction, the propagation constant

(krrr = k(wrrr)) associated with the generated FIR mode is given by

k)(wF[R) = :t\/(k?s — kst)2 + 4]€51€5t$in2§ (44)

where k; and k; are the propagation constants for the intra-cavity SRO signal and the po-
lariton Stokes beam respectively, ¢ represents the small angle between the signal and the
generated Stokes beam (see Fig. 4.3). Here we have represented equation 4.4 graphically
for ¢ = 1.7° (color) and ¢ = 1.5°. We could observe that the phase-matching curves inter-
sects the TO phonon dispersion curve (light blue curve) for L: NbOj3 in different branches.
A phase-matched pair of Stokes beam and the FIR polariton beam is being generated at the
point of intersection. It is important to note that if the magnitude of kr;r (at the point of
intersection) in Fig. 4.5(a)) is significantly smaller than that at the Brillouin zone boundary
then the generated mode would exhibit a dominant em character. In case, kp;r is large

(i.e. close to the value at Brillouin zone boundary), the generated FIR (polariton) mode
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Figure 4.6: Represents the dispersion relation for TO phonon modes (solid blue curve) for MgO-
doped LiNbOs crystal (equation 4.3) and the variation of polariton frequency wrrp
(solid purple curve) for different ¢ as a function of wavevector (krrgr) (see 4.4) for
Agpar = 29.5 pm at (a) Ty, = 50°C and (b) 75, = 130°C.

exhibits a dominant vibrational (phonon-like) character which is the widely-known Raman

mode. For intermediate values of kp;r, the FIR mode could exhibit an hybrid electro-

mechanical character or alternately, a polariton mode. This process of FIR generation is

achieved through stimulated polariton scattering (SPS) and could efficiently generate co-

herent terahertz (THz) wave.

In Figure 4.6(a), the kp;r phase-matching curve intersects the TO-mode dispersion of
LiNbOs at wrrp ~ 86 cm ™! which corresponds to the SPS Stokes mode at \,; ~ 1493 nm
shown in Fig.4.4(a). It is worth pointing out that, in this case, the SRO signal and the
SPS Stokes are resonant to the same SRO cavity. Hence, we could infer that the signal or
idler wavelength change as a consequence of temperature tuning would allow intersection
of curves for a different value of ¢. For example, we have measured the signal spectrum
at T,, = 130°C' in Fig. 4.4(b) (solid green curve) which depicts a \;; ~ 1511 nm when
As = 1493 nm. The origin of this side-peak could be understood if we plot the curve for

krrr (as per equation 4.4) when ¢ = 1.5° as shown in figure 4.6(b). This curve intersects
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the LiNbOs phonon dispersion curve at wprp =~ 79.8 cm ™! (= 18 nm) which is equivalent

to a SPS Stokes wavelength of ~ 1511 nm.
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Figure 4.7: Represents the dispersion relation for TO phonon modes (solid blue curve) for MgO-
doped LiNbOs crystal ((4.3)) and the variation of polariton frequency wrg (solid pur-
ple curve) for different ¢ as a function of wavevector (kr;r) (see (4.4)) for Agpyr =
30 wm. Variation in Re(krrg) represented by solid blue curve and solid brown curve
represents Im(kpyr). The solid purple curves represent the variation in kpp (as per
(4.4)) for different ¢ (Agpa = 30 um) (a) Ty, = 52°C and (b) 15, = 127°C.

On the other hand for A = 30 wm, the signal spectrum exhibits multiple side peaks

(at T,, = 52°C’) and one of the peaks coincide with the Raman Stokes peak (see figure

4.5(a)). This stimulated Raman scattering (SRS) Stokes peak propagates at an angle ¢ ~

7.5° (see solid magenta curve in Fig. 4.7(a)) with respect to the signal beam and therefore,

it undergoes significant cavity losses. Consequently, the SRS peak is small as compared to

the SPS peak at \;; =~ 1534 nm (for kr;r > 0) which propagates at an angle ¢ = 2.3°

with respect to the SRO signal beam (see solid magenta curve in figure 4.7(a)). A similar

observation could be made with regard to figure 4.5(b) which also contains three distinct

peaks in the SRO signal spectrum. As explained above, the origin of first SPS Stokes mode

and the SRS mode could be traced to the intersection of kg curve (for krprg > 0) with

the TO phonon dispersion curve for L¢NbOs in Fig. 4.7(b) (solid magenta curves) when
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¢ = 1.9° (SPS mode) and ¢ = 3.5° (SRS mode).

In order to understand the origin of the third side-peak in the SRO signal spectrum
(Figs. 4.7(a) and (b)), we note that kr;r could be negative as per equation 4.3. When
krrr < 0 graph (solid purple curve in Fig. 4.7(a) or (b)) intersects the TO phonon dispersion
curve (solid brown curve), an SPS or SRS mode could be generated. The phase-matching
condition for such a process would be lgs + Est + EF rr = 0 which essentially implies that
the SRO signal and Stokes beams are counter-propagating. The curve representing krrr
(solid purple colour) for ¢ = 1° (when 7T, = 52°C') and ¢ = 3.4° (when T, = 127°C') is
shown in Figs. 4.5(c) and (d) respectively. The intersection with the TO phonon dispersion
curve (solid brown) yields the third side-peak at lambda,; ~ 1598 nm (wrrr = 363 cm™1)
in Fig. 4.5(a) and \y; = 1621 nm (wrrr = 349 em™!) in Fig. 4.5(b). In order to ascertain
the gain associated with the Stokes beam and the FIR beam for a phase-matched interaction

process, we note that [15],

01z, o
% = —aulu(z,2') + 97 [L(2,2") Lu(2,2) Ip1r(z, ') (4.5)
+g§?)IS(Z, x/)Ist(Z, x/)
Olrir(z, )

o = —apmlrir(z, ) + i1 Lz ) Lz ) Ira(z )] (46)

where the axis 2’ is defined in Fig. 4.3. We define

2

on= S
along with
1/2 1/4

g2 = WTm (nsnj—nm}z) / (/:—:> / dg + ;deRe(XQj)] (4.8)

with (m = st, FIR) and
1/2
9 = % (/:—) dp+ ) déjlm(mj)] (m = st) (4.9)
J
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where dy; = 16mds; and dz3 = 1x® is the nonlinear coefficient of MgO : LiNbO;.

Here, XQj = €FIR — €x and

dos — 87TC477/3(533/LAQ)]' 1/2 (4 10)
@ Sihvojwhng(fig + 1) '

where, ng and ng,; are the refractive indices of MgO:PPLN at SRO signal and SPS (or SRS)
Stokes frequency respectively, & is the Plank constant, 77y is the Bose distribution func-
tion, (S33/LAS); is the spontaneous Stokes scattering efficiency associated with the TO
vibrational mode and j runs over all the natural phonon modes [15]. The factors gg) and
gg’) (in Eq. (4.5)) and gl(f[) r (in Eq. (4.6)) represent the gain for the Stokes beam and the
FIR beam. Amongst other factors, the parametric gain factors gg) and g}?}  are essentially
dependent on the electronic polarization (dg) as well as ionic polarization (dg;). From Eq.
4.9, it could be inferred that this interaction could be mediated by the third-order nonlinear
polarization i.e. dé i m(xg;)- In Figs. 4.5(a) and (b), the third side-peaks (weak intensity)
are essentially due to such an interaction where the polariton mode derives energy from a
decaying phonon mode through Im(x¢;) and consequently, this Stokes mode is strongly
attenuated within the cavity.

In Fig. 4.8, we present a variation in SPS Stokes wavelength as a function of MgO:PPLN
crystal oven temperature (7,,) for A = 29.5 um (purple square). For reference, we have
also plotted the variation in SRO signal wavelength (red squares) and the expected 248 cm ™t
Raman Stokes wavelength (green open circles) across the temperature range over which
T,, varies. The solid brown curve depict the expected variation of phase-matched SRO
signal wavelength [39]. It is apparent that the difference between the SRO signal and the
Stokes shift due to SPS (\y;) varies non-uniformly across the entire tuning range. This is
primarily due to the fact that the SRO cavity selects an angle ¢ for which the Stokes mode

suffers least loss and therefore, exhibits most stable oscillations. The selection of angle ¢ is

mainly dictated by the shape of wavefront for the polariton Stokes mode and the round-trip
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scattering as well as reflection loss.

A similar variation could be observed in the variation of SPS Stokes and SRS Stokes
modes for A = 30 pum in Fig. 4.9. An SRS Stokes mode corresponding to wp;r =~
248 ¢cm ™! remains unchanged across the entire temperature tuning range. It is worth not-
ing that the third-order (gg)) mediated SPS Stokes mode (> 248 cm ™! shift) is unable to
sustain the cavity losses at a certain 7, owing to its low gain. Also, the SPS Stokes shifts
tend to reduce at high crystal oven temperatures (7,,) which could be attributed to domi-

nant participation from low energy external lattice vibrations. An expected consequence
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Figure 4.8: Variation in (a) measured SRO signal wavelength (A;)(red square dots), (b) measured
SPS Stokes wavelength (A1) (purple square dots) and (c) expected wavelength cor-
responding to 248 ¢m ™! SRS mode (Ag) (green circles) as a function of crystal oven
temperature (1,,) for Agpayr = 29.5 um. Solid maroon curve represents the expected
SRO signal wavelength (Age;;,) variation estimated from the phase-matching for SRO.

of the SPS (or SRS) process could be observed through the distortion in the SRO idler (or
signal) spatial beam quality. This is primarily due to generation of SPS (or SRS) Stokes
which propagate at a very small angle ¢ < 5° with respect to SRO signal beam. In order
to appreciate this point, we measured the spatial beam quality of the idler beam using a
knife-edge based scanning beam profiler (NanoScan, Ophir, USA) in the far-field. A rep-

resentative measurement at B, ~ 24 W (Agpyr = 29.5 pm and T, = 100°C) yielded
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Variation in (a) measured SRO signal wavelength (\,) (red square dots), (b) measured 1%
SPS Stokes wavelength (A1) (purple square dots), (¢) expected SRS wavelength (\g)
(green circles), (d) measured SRS wavelength (\,) (blue dots) and (e) measured 2"¢ SPS
Stokes wavelength (\3) (gray square dots) as a function of crystal oven temperature (75,,)
for Agpar = 30.0 pm. Solid maroon curve represents the expected SRO signal
wavelength variation estimated from the nonlinear phase-matching.

M? < 1.3 and Mg < 1.7 which is significant deviation from that exhibited by the pump

beam (M? < 1.05).

4.4 Conclusion

We have demonstrated a SRO using a 80 mm long MgO:PPLN crystal which delivers
a maximum idler power of &~ 2 IW. The high intra-cavity SRO signal manifests in SPS and
SRS processes which has been observed as Stokes frequencies in the SRO signal spectrum.
The Stokes mode corresponding to the SRS exhibits a constant wavelength (or frequency)
shift with respect to the SRO signal frequency when the SRO frequency tuning is carried
out. On the other hand, the SPS Stokes mode exhibits a non-uniform spectral variation with
respect to the SRO signal when the MgO:PPLN crystal temperature is varied. This is ana-

lyzed using the TO phonon dispersion properties of MgO:PPLN and the polariton-mediated
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phase-matched nonlinear optical interaction. This process allows us efficiently generate co-
herent continuous-wave FIR (or THz) radiation through utilizing the high intra-cavity signal
power in a SRO configuration. Further, through generation of multiple Stokes frequencies,

the SRO could deliver optical pulses by adopting suitable phase-locking technique.

This Chapter constitutes the following journal publication:

R.R. Sahoo, M. K. Shukla, and R. Das, “Stimulated polariton scattering in Yb-laser pumped
lithium niobate based continuous-wave singly-resonant optical parametric oscillator”, J.

Opt. Soc. Am. B 39 (10) 2022.
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Chapter 5

Geometric phase measurement in singly
resonant optical parametric pscillator

5.1 Motivation

The geometric phase (y) of light is an invariant for dynamically evolving photonic
system. The geometric phase estimation in condensed-matter systems provides plausible
route to understand exotic effects such as quantum Hall effect and transfort in topological
insulators [1, 2]. The concept of geometric phase is derived from the evolution of states
in parameter space (or phase space) [3, 4, 5]. Pancharatnam, in his seminal work, demon-
strated that a change in polarization of light in accompanied by accumulation of a geometric
phase. This phase has a geometrical interpretation in terms of the trajectory in the polar-
ization space. Through a series of experimental effort, Pancharatnam proposed that, when
the polarization returns to its original state, it forms a closed trajectory in the parameter
space. The solid angle (§2) subtended by the closed-trajectory at the origin of the parameter

determines the geometric phase (). Mathematically, this could be represented as;
1
Y = —59 (5.1)

Sir Michael Berry proposed a similar formalism in a closed quantum mechanical sys-
tem comprised of spin-1/2 particles in magnetic field. The eigenstate of the spin-1/2 parti-
cle in a magnetic field, evolves adiabatically and traces a closed trajectory in the parameter
space, accumulating a geometric phase of y = —%Q. Therefore, the geometric phase is

also termed as Pancharatnam-Berry (PB) phase [4]. The Pancharatnam-Berry phase found
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numerous applications such as light guiding and wavefront shaping [6, 7, 8, 9]. Recently,
accumulation of geometric phase in a nonlinear optical process has drawn attention and
adiabatic frequency conversion processes have been shown to occur in nonlinear optical
crystals [10, 11, 12, 13, 14, 15, 16, 17]. It is worthwhile to point that the existence of
geometric phase have played a crucial role in the development of nonlinear metasurfaces
[18]. By optimally tailoring the geometric phase acquired in a nonlinear optical processes
have resulted in the enhancement of efficiency, robustness, tunability and observation of

non-reciprocity [19, 20, 21, 22, 23].

5.2 Geometric phase in three wave mixing process

The nonlinear optical frequency conversion processes, under the small pump deple-
tion approximation, could be modeled in such manner that draw close resemblance with
the evolution dynamics of a spin-1/2 system in magnetic field. In order to explicitly show
this, we consider interaction between three waves (w,, w, and w;) such that w, = w, + w;.
Under the slowly varying envelope approximation, we could express the field associated

with each wave as,
E,(rt) = Ay (2)E(x,y)eltnz=nt)] 4 ¢ ¢ (5.2)

where n = p, s, 1, A,(z) is the slowly varying envelope and k,, is the propagation constant

of each wave. By transforming co-ordinates of the amplitude as

Vs

a () = LA (53)
and
k;
o) = L) (5.4)

By considering low pump depletion, the signal to idler conversion could be expressed as,

z%a:(z) = kB, (2) (5.5)
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d ‘
iaai(z) = —re(T18k) 0¥ (2) (5.6)

where the coupling coefficient is,

2de FrWsWy
S F et hal 5.7
VEkskic2 =P G-
with d. s being the effective nonlinear constant and the phase-mismatch is given by
Ak =k, — ks —k; (5.8)

In the three wave mixing process, we consider the mode-coupling between signal
state (mode) and the idler state (mode). These two orthogonal states could be assumed to
span the Hilbert space. The orthogonality is governed by the virtue of the fact that there
is no interference possible between these two modes. The signal and idler states could be

represented by a state vector by considering the Manley-Rowe relation as,

oy = —lawal (5.9)

2 2
as —|—‘az~|

In such a scenario, the dynamical equation of motion 5.5 and 5.6 is;

d - Ak ]
- d 15
izl =2 ] (5.10)
In order to write the above equation, we have used the transformation,
ey 1T
7 [as’ ai]
P) = = (5.11)
ay +‘a,~|
where
af = \/k_iwsdse(mkzﬂ) (5.12)
and
a; = \/kswi&ie(_mkzm) (5.13)
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It is worth pointing out that the coupling coefficient (x) takes the off-diagonal posi-
tions in the Hamiltonian. When the parameters Ak and x varies adiabatically in the pa-
rameter space, the state vector evolves and in the evolution process, it acquires a geometric
phase. The geometric phase originates from the geometry of the trajectory which the state
vector takes on the Bloch sphere. In a general case, where the state vector traces a complete
rotation, the geometric phase is given by the half of the solid angle subtended by the tra-
jectory at the origin of the Bloch sphere. On the other hand, if the trajectory does not form
a closed loop then such a surface area is erected by connecting the terminal points of the
trajectory by the shortest geodesic arc. This situation is encountered in the frequency down-
conversion case which is represented by a non-Hermitian Hamiltonian (see 5.10). Also, it
is worth pointing out that the Hamiltonian represented by 5.10 exhibits P77 -symmetry and
hence, exhibits a spectrum of real and imaginary eigenvalues. In order to draw resemblance

with spin dynamics, the non-Hermitian operator could be expressed as;

Ak *

= |2 ] =—e )10 (5.14)

where 0 = (0, 0,,0,) are the Pauli spin matrices and are represented as,

In this case, the synthetic magnetic field B in the parameter space is given by,

. A
B(r)=—ixIm(k)Z + i* Re(k)y + 7]{2 (5.16)

This justifies our effort to represent a three-wave mixing process using the Bloch sphere
representation. Since, the signal state (|w,)) and the idler state (|w;)) represent the pseudo-
spin (basis) states, the south pole and the north pole are essentially represented by |ws) and
|w;). Consequently, the equivalent Stokes parameters could be defined using pseudo-spin

states as,
Si = (Y] o7 [P) (5.17)

98



5 Geometric phase measurement in singly resonant optical parametric pscillator

which simplifies to,

Si = %(asai + aiay) (5.18)
Sy = %(a;a;ﬁ — ;) (5.19)
Sy = %(\@12 ~|axf*) (5.20)
Here, N is given by,
N = |a* + |af (5.21)

The Stokes vector, also known as the state-vector S describes the evolution of the
signal and idler beams (states) along the propagation direction. The z-component of the
state vector i.e. (S3) provides the information regarding frequency conversion efficiency.
The south pole S = (0,0, —1) corresponds to zero conversion (all power in signal state)
whereas the north pole S = (0,0, 1) represents the 100% conversion efficiency (all power

in idler state). The equations 5.18, 5.19 and 5.20 also satisfy the relation,
ST+S5+85=1 (5.22)

which makes the radius of the Bloch sphere to be unity. The conservation law expressed
in (5.22) signify the conservation of total energy in the frequency conversion process. In
an singly-resonant optical parametric oscillator (SRO), the experimental configuration con-
straints Ak = 0 i.e. the nonlinear interaction is always phase-matched. However, a change
in pump power leads to substantial changes in the coupling constant  that would result in
acquiring of geometric phase by a signal and the idler beam. For sake of completeness, the

evolution of states in this could be simplified and expressed as
% _BxS (5.23)

which is a equivalent Bloch for nonlinear optical frequency conversion. Equation (5.23)
essentially makes the point that the state vector (§) precesses the synthetic magnetic field
(B).
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5.3 Experimental set-up

In order to experimentally observe the manifestations, we have designed a MgO-
doped PPLN based SRO which is pumped by a single-frequency fiber laser. In the ex-
periment, we have carried out measurement on phase change in the undepleted pump beam
when the SRO operates above the threshold. This measurement is realized through interfer-
ing the undepleted pump beam with the reference arm pump beam in Mach-Zehnder setting.

The experimental configuration exhibits a close resemblance with the SRO configuration

B -

M NPBS\
B 7'_‘ ) — 4 P
P N

D
Yb-fiber ' B
LASER t. p—
Hs,

H, B, ‘ HLy m,

S ALl

NPBS

Figure 5.1: A schematic of the experimental set-up for the SRO; H; 23 4: Half-wave plate, By o:
Polarizing beam-splitter, NPBS: Non-polarizing beam-splitter, /1 o: Convex lens, M o:
Plano-concave mirrors, M3 4: Plane mirrors, OV: Temperature controlled oven housing
the nonlinear crystal M gO : PPLN, Ms: Dichroic Mirror, D1 2 3: Thermal detectors

, Pi: CCD camera.

which is explained in chapters 3 and 4. The schematic for the experimental set-up is shown
in figure 5.1 which comprises a fiber laser pump delivering ~ 40 W of linearly-polarized,
single-frequency output at 1064 nm wavelength and M/? < 1.1. A half wave plate (HWP)

H,, in conjunction with a polarizing beam splitter (PBS) B; is used for controlling the in-

100



5 Geometric phase measurement in singly resonant optical parametric pscillator

cident pump power (F,). The forward propagating pump power is divided into two arms
using a 50:50 non-polarizing beam splitter (NPBS). This splitting is used for the construc-
tion of the Mach-Zehnder interferometer (reference arm) where the SRO is positioned in
one arm of the interferometer. A second HWP H, is used to obtain a suitable pump polar-
isation for carrying out phase-matching in MgO:PPLN crystal. A convex lens L; (f=100
mm) is employed for obtaining a beam-waist of wg, ~ 90 pm at the center of MgO:PPLN
crystal which results in a Boyd-Kleinnman (BK) focusing parameter of £ ~ 0.64 [24]. This
is essentially done to achieve a moderate to low frequency conversion efficiency [24]. The
SRO is comprised of a four-mirror ring-cavity with two curved mirrors having radius of cur-
vature (ROC=-200 mm) and two plane mirrors. The cavity design ensures a cavity length
of =~ 100 cm. The cavity mirrors are highly reflecting (R > 99%) in the 1350-1650 nm
wavelength range and highly transmitting (7" > 85%) for the pump (1064 nm) as well as
idler (2500-4500 nm) wavelength range. The SRO nonlinear crystal is an 80 mm long and 1
mm thick multi-grating MgO:PPLN crystal with grating periods varying from A = 27.5 um
to A = 30 um so as to facilitate fype-0 phase-matching. The entry as well as exit surface of
MgO:PPLN crystal is anti-reflection (AR) coated for pump, signal and idler wavelengths.
The crystal is housed in an oven whose temperature (7,,) could be varied from room tem-
perature to 200°C'. In the other arm of Mach-Zehnder interferometer, a combination of
HWP and PBS is employed for variably attenuating the beam and subsequently, it helps in
achieving in equal pump power in both the interferometer arms. A HWP H, and convex
lens L is used to match the pump polarization and the pump beam diameter respectively
with the residual pump in the other arm of the interferometer. The reference pump beam
and the undepleted pump beam from the SRO, are allowed to interfere in the NPBS. The
detector D3 measures the power of the central lobe of interference pattern and CCD camera

P, records the interference pattern.
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5.4 Result and Discussion

1.2

S

Idler Power (W)
(=] o
- »
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Figure 5.2: Variation of idler power as a function of pump power at crystal temperature I’ = 100°C
and wg ~ 90um

The SRO threshold pump power (Pr;,) was measured to be ~ 5 IV at crystal oven tem-
perature of T, 100°C' and MgO:PPLN crystal grating of A = 30um. When a temperature
tuning is carried out, the SRO could be exhibit wavelength tunability from 1509 — 1550 nm
in signal band and from 3394 — 3609 nm in idler band as per the Sellemeir’s relation for
MgO-doped LiNbOs. This has been verified by measuring the wavelength at 60°C', 100°C,
140°C and 180°C which exhibits good agreement with the wavelengths predicted using the
Sellemier’s relation. The variation in idler power as a function of pump power is shown in
Fig. 5.2 where we could observe that the maximum idler power obtained from the SRO is
~ 1.16 W atT,, = 100°C' when P, ~ 14 W. This essentially means that the maximum
conversion efficiency is &~ 8% which could be categorized as a low-to-moderate efficient
configuration. Therefore, under the weak pump depletion approximation, the dynamical

evolution of the signal and idler states could be understood from the Hamiltonian in Eq.
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5.14. The evolution of state vector (§ ) in the parameter space results in accumulation of
geometric phase which could experimentally measured using a Mach-Zehnder interferom-
eter shown in Fig. 5.1. In order to appreciate the phase measurement, we note that the
interference of beams coming from two arms of the interferometer, with powers P; and P,
with a phase difference of 6, results in a power distribution on the detector plane which

could be expressed as [25, 13],
P:P1+P2+2P1P20089 (524)

In the SRO experiment, we have measured the intensity at both NBPS terminals
(faces). When the pump power (F,) increases, it is apparent that the coupling coefficient
(k) increases which could manifest through a geometric phase accumulated by the signal or
idler beam (assuming Ak = 0). This is apparent from the Hamiltonian (Eq. 5.14) which
depicts a different state vector (5) trajectory on the Bloch sphere. Consequently, the ac-
quired geometric phase (by signal or the idler) would be different at different pump power
(P). Itis also interesting to note that the frequency conversion in an SRO is constrained by
the requirement 0, = 0, +0; — 5 where 0,,, 0, and 0; is the total phase acquired by the pump,
signal and idler respectively [26]. The total phase has a dynamic (¢p) as well as geometric
() component. This implies that a change in 6, or 6; (by virtue of change in ¢, and/or ~)
would essentially lead to a change in 6,. Since, the dynamic phase change for signal and
idler is given by xL (when Ak = 0), the geometric phase acquired by the signal and idler
beam would modify the pump phase (6,) through the relation 6, = 2xL + 27 — 7. Since
r as well as v is function of pump power, ¢, changes as we change the pump power (7).
Therefore, the measurement of the change in the intensity of central lobe of the interference
pattern would essentially yield the total phase change as per Eq. (5.24). Here, we assume
P, =~ P, and the geometric phase could be ascertained through the measured ¢,, assuming

a suitable value of 6, at the threshold pump power (F,1)). The recorded variation of inten-
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Figure 5.3: Variation of intensity at the center of the fringe pattern with P,/ P;, at crystal temperature
T = 100°C and wy ~ 90um

sity at the center (¥ = 0) of the fringe pattern is shown in Fig. 5.3. The measured variation

in the intensity is represented by the green dots and a solid red curve represents a sin?6,

variation which indicates that 6, is a function of pump power (or the coupling coefficient

x). In order to obtain v, the quantity L — 7 needs to be subtracted from 6,.

5.5 Conclusion

We have demonstrated a SRO using a 80 mm long MgO:PPLN crystal which delivers
a maximum idler power of = 1.2 /. A brief analytical formulation is presented to draw an
equivalence between a spin-1/2 system and x(?-mediated nonlinear frequency conversion.
We define a state vector (5) comprising complex mode-field amplitudes of signal and idler
beams and derive an expression for synthetic magnetic field (é). The precession of state
vector about the synthetic magnetic field results in accumulation of a geometric phase which

could be measured experimentally using Mach-Zehnder interferometer.
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Future Scope

In chapter three, we observed the generation of the thermal gradient in the M gO :
cP P LT Crystal accomplishing variation in Ak along the crystal length. Thermal gradient
along the crystal length could be managed with the help of external parameters such as crys-
tal oven temperature, beam waist at the crystal centre. This could pave a way to achieve

tunable ultrashort pulse frequency in long-length crystals.

In chapter four, we observed a spectral variation of stokes mode with respect to
the SRO signal when the M gO : PPLN crystal temperature is varied. The tunability of the
signal wavelength could further be enhanced by changing the grating period of the crystal
hence a wide tunable Stokes mode could obtain. The observation of SPS process in the
SRO could facilitate the efficient generation of THz radiation. In addition the variation of
Stokes mode will lead to a tunable THz source, hence ilicon prisms can be employed to

facilitate the outcoupling of THz radiation.

In chapter five, we have discussed an analytical framework to draw an equivalence
between the TWM process in SRO with a spin-1/2 system in a magnetic field, by defining an
equivalent magnetic field. We have observed a variation in the phase acquired by the pump
intensity with the increase in input power, during the TWM process. From this observation,
we are planning to calculate the geometric phase acquired by the signal/idler state through
the TWM process. The incorporation of the nonlinear geometric phase could open up new

avenue in the direction of shaping and manipulating down-converted signal and idler states.
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