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Nonlinear Optics of Infrared Radiation

« The early experiments of nonlinear optics were all performed using a
ruby laser operating at 6943 angstroms.

* By certain definitions, 6943 angstroms is an infrared wavelength.

- But for the purposes of this talk, | will exclude ruby laser experiments
from the discussion of nonlinear optics of IR radiation
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Stimulated Brillouin Scattering, Chiao, Townes, and Stoicheff (1964)




Imaging Upconversion

"Noise-free" conversion of infrared images to the visible.
O Proposed by Midwinter and Warner (1967).
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Phase-matching requirements ensure that image information 1s preserved.




Astronomical Imaging Upconversion
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R. W. Boyd and C. H. Townes Appl. Phys. Lett. 33 440 (1977).




Resolution of Astronomical Telescopes

® Wavelength dependence under turbulence-dominated conditions

e Images are sharper in the infrared than in the visible!
(D. L. Fried, R. E. Hufnagel, V. I. Tatarski)

e |R data obtained using infrared upconversion
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Upconversion of Single Photons with 99% Efficiency

 Uses pulsed pump laser (high peak power)
» Uses periodically poled lithium niobate (highly nonlinear)
- Detects single-transverse mode field (no image information)

DBS
PN

1064 nm

S M

)

EOM
-fo--1--

1550 nm [

Extremely promising for quantum information studies. (Preserves coherence.)

VanDevender and Kwiat, J. Opt. Soc. Am. B 24, 295 (2007).



Nonlinear Optical Methods to Generate THz Radiation

- Difference-frequency generation
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Huge Phonon-Mediated THz Nonlinear Response

Recent theorgtical and laboratory work has shown that third-order nonlinear
response (X( ) and 72) are orders of magnitude larger than values for the
same material at visible frequencies.

Theoretical models that accurately describe these results ascribe the origin
of this huge response to vibrational (phonon) resonances.



In collaboration with

Prof. Sergei Kozlov Daria Materikina
State University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

K. Dolgaleva, D. Materikina, R. W. Boyd, and S. A. Kozlov, “Prediction of Extremely Large
Nonlinear Refractive Index for Crystals at Terahertz Frequencies,” Phys. Rev. A 92, 023809 (2015).
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Prediction of extremely large value ofHQ&

"

Polarization @ P = xegF

Susceptibility  yer = X'V + 3xP|E|?

Kerr coefficient

Refractive index n = \/ 1 4+ 4w xer = g + Nl or nonlinear
refractive index

(We use Gaussian units but convert to SI at the end.)
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Electronic and Vibrational Response &
N\

P=Pg+ P, =xegl

electronic vibrational

Xeit = X + 3x®|E)?

XD =Pyl @ 2 6

Dominant at THz frequencies
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Our Model &

We analyze the vibrational nonlinearity of a crystal by
considering the dynamics of ions in the lattice

1. Starting from the classical anharmonic oscillator:

&+ 2vi + wix + az® + bx® = aF

\ \ /N

deviation of  damping nonlinear o — —
an ion coefficient coefficients m

2. Perturbation theory: | 7 | 2vz + WO 4+ az? + bx®

Look for a solution in the form \‘/\

z =AM + A2z 4 \32C) .
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Our Model

3. Split into three equations:

#1422 4 22V = oF,
#2) 4 2vz2) 4 w§$(2) 4+ a,[a:(l)]2 — 0,
3 4 2vi®) 4 220 4 2a2W () 4 p[2(D]2 = 0.

Consider the oscillations of the 1ons at the fundamental frequency:

Ew)=E_ e *“ +c.c.

r=z,e “+ecoc.
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Our Model

4. Final expression for [, :

al, 1
5 +

Ty =

wg —w? —2yiw (W — w? — 2yiw)4
« 94243 3w0 8w? — 8yiw
w (wi — 4w? — 4yiw)

1 3ba®

E,|°E,,
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Our Model &

5. Relating the deviation to the polarization:

P=P,+ P, =Ngzx=Pe “ +ec.c.

electroréc Vibr\ational /

P,=xWE, +3x®|E,|?E,| P.,=XxFE.

Effective susceptibility:

Xet = XV + 3x®|E,, |2

— x4 + x4+ 3xG | EL? + 3xP | E |2
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Our Model

6. Expressing the susceptibilities:
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Our Model

7. Expressing the complex overall refractive index:

12 = 1+ 47X et n = ng + 2na|E,|?

n2 + 4ngng|Ey|? = 1+ 4nxY) + 1223 |E,, |2

Expressing the linear and nonlinear complex refractive indices:

fo = /1 + 4my@)

electronic - vibrational
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Our Model

8. Final expression for the Kerr coefficient:

_ wqN as

~

1o —

no (wi — w? — 2vyiw)?

+ 3b

« |242 3wi — 8w? — 8vyiw
wi (wi — 4dw? — 4vyiw)
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Our Model

9. Nonlinear refractive index and absorption

no = Re(ng) = 37 Re
’ ’ VvV 1+ 4oy

y (3)
g = 2—wIm (ng) = 67— Tm X
c c v 1+ 4@

mi| yOttawa



Our Model

10. In the low-frequency

Limat:
2.3 3
—wwo wqN <6a o | 3ba )
2,v. 10 8
’ n » w
0 0 0

—wLwo —(1) —(2)
n2,v — + n2,v

Thermal expansion Dynamic Stark effect

We next estimate the two contributions using the
parameters of crystal quartz

mi| yOttawa




Crystal Quartz Parameters

.

Ql — 5.24 A - lattice constant

GT =76x107° (OC)_l - thermal expansion coefﬁcieb

wo = 2.34 x 104 rad - vibrational resonance frequency
m = 1.69 x 10™2° g  -reduced mass of vibrational mode

N = 2.65 x 10%? cm ™ - molecular density

/

Linear refractive index

‘n(()w<<wo) e /1 . X(l) , Wwwo 4 A X(l) ,wLwo __ 21

T =1 —>

uOttawa

(wwo) — 1.8
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Numerical Example

First — in terms of thermal expansion coefficient

_(1) mqN 6a°a’
iy ) =

2, v no wéO
2
o = — akp _ %o wwo
T 4 & [(nO A
mwgya AmgN ’
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Numerical Example &

Estimated values of o :

The two contributions: In esu:
—(1) ~ 9294 % 1077 r\ |’n,2 v ~ 2.21 X 10~ esul
ﬁ,f) ~ —3.27 x 1071 es

¥ In m%/W:
ny’ o) = 4.42 x 10715 m? /W]

Compare to the value in visible:

Ine = 3 x 10729 m? /W|
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Dispersion Curves

- TqN Q
No = —— .
Strong resonance at 37.2 THz. o (W2 — w2 — 2viw)?
Weaker resonances at 7.9 and 502 — 8w? — 8nvi
3.9 THz. x |262 20 % TN | g
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Dispersion Curves

3
A two-photon resonance s T qN o
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In Summary:

- TqN a3
: : Ny = — ;
< Simple model is proposed g (wg —w? — 27yiw)*
3wi — 8w? — 8vyiw
x [2a2 i TRt L +3b]
w§ (w§ — dw? — dvyiw)
< Estimated value of vibrational "2 7= 142 % 10-16 2 7w
in THz range is very large Nov = %84X m”/
3x 107
- . , % -8 L
 Interesting resonant behaviour is revealed "' ‘J
£ s
a0t
2x1078
3x107 :
0 5 10 15 20 25
(a) v (THz)
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Measurement of Nonlinear OpticalResponse of Quartz

RESEARCH ARTICLE OPTICAL

www.advopticalmat.de

Strong Nonlinear Response in Crystalline Quartz at THz
Frequencies

Soheil Zibod, Payman Rasekh, Murat Yildrim, Wei Cui, Ravi Bhardwaj,
Jean-Michel Ménard, Robert W. Boyd, and Ksenia Dolgaleva*

Adv. Optical Mater. 2023, 2202343



Previous works
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Terahertz Kerr effect
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Detection: Electro-Optic Sampling

Pockels effect

Pi = szoxl,k(w ©, 0)E; ()4 (0)

Phase retardation A¢ = “’TLn%rMETHZ

Iy
I == (1 A®)

=2(1+A®) I,=1,— I, x Egy,

Faculté de génie | Faculty of Engineering

uOttawa.ca

Optical EO hBal:iinced
THz pulse ulse crystal A4 plate  Wollaston photo-detector
b -/\_ H prism i

Probe polarization

I

0

I O < I I,=
O O < I ;),=?“(1+A¢)

THz detection with EO sampling [1]

without THz field I

with THz field I
— 1,="0-a9)

N
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THz Time Domain Spectroscopy (THz-TDS) | 4

THz temporal signal in free space

1 :
= Time domain ﬂ

I

o
W

= Single-cycle pulse

)

= E/O sampling = magnitude and phase

O

L
L
=

Electric field (arb. unit)

1
[—

120 122 124 126 128 130

= Absorption coefficient and refractive index 118
Time (ps)
|
Faculté de génie | Faculty of Engineering
uOttawa
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Experimental Setup

Optical Rectification in LiNbO5 Grating

Lens Lens HWP Enclosure

/ H r - T LiNbo, T T T T T T | N2 purging
\ . o %
o I I PD1 PD2
Pulse front tilting | ] I E !
: I : : Wire grid : 6 a
Optical | | Delay I polarizer e L |
chopper i | stage : 7 T
: : i Z
E/O sampling ; prsm ; 2 i |
i | I % |
: Crystalline quartz : Qwp
N e
225 kV/cm at focus ’ , ] il H >
L e e e e e e e n _e_l g:;l::ston
. § 800 nm
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Nonlinear Delay

= [ntense field = modified

THz temporal signal
| I I /]-

1 I
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Average Time Shift 10

Average Time Shift

= Main lobe 200
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150 . []
= | owest signal level (25 kV/cm)
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Fourier Domain 11

Nonlinear phase

« 10> Spectral density
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Absorption Spectrum 12

THz spectral density

1072
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(dashed) and quartz sample
(solid)
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= n, 2 several

Nonlinear Response .

Measured nonlinear phase @ 0.4 THz Measured absorption coefficient @ 0.4 THz

0-8 L] L 200 L
Ol'del's Of —fitted curve —fitted curve
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Suppression of Self-Focusing 1] m -
for Few-Cycle Pulses * N=6,no selffocusing .
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Broadband THz Bandpass Spectral Filters Based on Multilayer Metasurfaces

Joint project with Iridian Spectral Technologies
Project led by Ali Makeki and Jean-Michel Ménard

» Dielectric metasurfaces

» Plasmonic metasurfaces
» Easy to fabricate (unlike dielectric structures)
* low plasmonic loss (unlike visible-NIR region)

Transmission can be controlled by
flooding the filter with visible light.

Gingras et al., Optics Express 28, 395508
(2020)
Maleki et al., Photonics Research 11, 526
(2023)



Some Comparisons

1.FIRand THz
Light-matter interaction largely due to phonons, vibrational degree of freedom

Strong light-matter coupling, leading for example to restrahlen bands

2. Visible Light and Soft UV
Light-matter interaction largely due to response of bound electrons

Light-matter coupling is weaker than for vibrational degree of freedom

3. Short Ultraviolet
Light-matter interaction largely due to free electrons

Strong light-matter coupling, leading to the plasmonics

Light-matter interactions can lead to a negative dielectric permittivity for 1 and 3,
but not for 2.
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