Lecture 6

Sum-frequency and second-harmonic generation.



Sum-Frequency Generation
(frequency up conversion)

Consider sum-frequency generation in a lossless nonlinear optical medium involving collimated, monochromatic,
continuous wave input beams.
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A photon Aw, from the ‘pump’ wave is added to a ‘signal’ photon Aw; to geneate an up—converted photon hw;



Sum-Frequency Generation

Recall coupled-wave equations for normalized amplitudes A for the 3 waves - Lecture 5, eq. (5.9)
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Sum-Frequency Generation

1) Assume that the ‘pump’ field at w, is strong : E, > E; and E, > E3, and we can assume E, = const.
Assume that the 3 waves are phase matched, Ak = 0 (k-vector match), and there is no absorption.

w
2
The three equations are then reduced to two: % =—ig ABAE -8 o,
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We can also assume (by the proper choice of time origin) A4, to be real: A,=A5 (and constant).
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Sum-Frequency Generation

For the initial conditions A1(z=0) =49 and A3(z=0) =0

we get: A1 =Aqpcos(yz)
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Sum-Frequency Generation (low conversion limit)

2) Assume we have two ‘pump’ fields at w; and w, and (up) convesion efficiency to w5 is small (<< 1 in photons)
Assume that the 3 waves are phase matched, Ak = 0, and there is no absorption.

The three equations are then reduced to just one: % =—lgA1A2
solution: Az = —igA{A,L SFG field grows linearly with distance
L=crystal length
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I 2
|A|2 = ——  ——— 13 2 2 11 12 2 n
w CEy — ) A= |—E
w3 CEO w1 Wy W
1 ce
I, = 2 2 2 11[2 2 nonlinear [ = EcneolEIZ =70(1)|A|2
3 w3~ g cs (w W0 0 ) optical
0 1772773 figure of d\[m
merit g== |/—
C nin,ns
, , : 20)32 d? 2 _ d? w; Wy w3 W1 Wrws3 d?
Finally, for SFG intensity I = —3 (n_3) I,1,12 (6.3) 9= o, —3)
0
n = average (nq,ny,n3)
- grows quadratically with distance _ "
d=d.x - effective NL coefficient

- proportional to the product /;1,



Detection of mid-infrared light via up-conversion
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Parametric upconversion imaging
and its applications
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Schematic spectrum of different optical noise sources in a typical short-wavelength
. . pumped upconversion module, The spectral positions of pump, IR, and upconverted
rror rical I o s . ———p 5
Pump Mirro Spherical wave are indicated for better understanding. Note that the SPDC and Raman (Stokes
and anti-Stokes) photons are generated due to a strong pump,

“Chemical/spectral upconversion imaging (July 1, 2007) Imaki

and Kobayashi at the University of Fukui, Japan, demonstrated an Image of
2007 application of upconversion imaging in chemical sensing (methane methane gas
[“4 4] detection) at 3.4 pum. Their upconversion detector’s sensitivity was 11 plume

times better than a reference direct detector (cooled InAs). Image
adapted with permission from [44]. Copyright 2007 Optical Society
of America.

“Single-photon MIR upconversion imaging (Sept. 16, 2012) Dam
et al. at DTU Fotonik, Denmark, first demonstrated upconversion-
2012  based single-photon level MIR imaging at room temperature using
[45] periodically poled LiNbO; crystal in a high finesse 1 pm CW laser
cavity. The measured dark noise was (.2 photons/spatial element/s.
Figure adapted from [45].

White

dots are
Bl detected
& photons




Second Harmonic Generation (SHG)



Second Harmonic Generation (SHG)

Recall (5.2) from the previous lecture:

The complex amplitude of the nonlinear polarization at 2w, is given by :

1
PQRw,) = 580)((2)512 = eody ET

— same for 2w,

Regard this example:

A paradox : why % for SHG ?

(cos wqt + cos w,t)? = cos? wqt + cos? w,t + 2 cos wyt + COS wyt =
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P(wy + wz) = gox PE, E;
P(w; — wp) = gox PE,E;

P(0) = eox P (E,E; +E; E3)

SHG, second harmonic generation

SHG, second harmonic generation

SFG, sum-frequency generation

DFG, difference-frequency generation

OR, optical rectification

(5.2)

1
cos 2wt + Ecos 2w,t + cos(wq+wy)t + cos(wi—wo)t + 1
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Second Harmonic Generation (SHG)

Second Harmonic generation is a degenerate case of 3-wave mixing; we have w;=w,= w and w;=2w frequencies

1
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>z
* w 20
Py(w) = & xPE3E; — > dyge= 5 2% —
«— L —>

Coupled-wave equations for normalized amplitudes A for the 2 waves

d—zl =—ig A3Aje tAkz
(6.4)
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Second Harmonic Generation (SHG)

Now let us find how photon fluxes at w & 2w are related to each other
photon flux ~ |A4|?

LA =2Laa) = ar B 4 - g4
— AP =_(AA) =A"—+A——=A"—+cc
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141(2)|? + 2 |A3(2)|* = A1(0)? (6.6)
D, + 2P3 = const = Py (6.7)
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Second Harmonic Generation (SHG)

Now assume that Ak=0 (no phase mismatch), Asz(z =0) =0 (no 2w at the input) and A, - real
——
% =7 * w 20
Az g A3A1 S dgi= 21(2) o
dAs __ .0 4 (6:9)
dz 21 le—— L —>]

1) Low conversion limit: A3« A4, A; = const

dA; _ - 7
. [ A1 ~ const A= \[;E
B g . . e .
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Finally, SH intensity (I5 = I,,,) I, = 20° (dz)l 212 (6.10a) -grows quadratically with distance
’ 3T e €oc3 'n ' -grows quadratically with I,
i ici ' 6.10b
SHG conversion efficiency in Mo = Ll = 3( )I 2 )

the plane-wave limit:



Second Harmonic Generation (SHG)

2) High conversion limit a4, =—ig A3 A’ Assume Ak=0, A3(z=0)=0 (no 2w input)
dz and A, - real
dAs
2 = _A
dz 1
use energy conservation relation: |A1(2)|* + 2 |A3(2)|? = A1(0)?
to get ddf =— —A2 = —i%(A%O — 2|43]?) — diff. equation for A
set y =iv24;, toget = \/i_( 0o —¥?)
the integral on the left side dz d [wiw,ws
is reduced to the integral dy g 8= 7 /m
fi ixxz — atanh() (A%O—yz) = NG - integrate > Iatanh(a)— \/_E Y @ "
gAi10Z 1 gAi0z
> y = Alotanh( i ) A3 — ﬁAlotanh( \/150 ) tanhz — sinhz e* —e™®
~ coshz et 4e*
14512 = L1 45[2 tanh 2(y'2) where y' =20 o L2
_ 1 coshz e*+e?®
The photon flux density $3 =5 Pygtanh 2(y'2)
sech?+tanh? =1
since D+ 293 = const = Py
we get D, = D) — 2P; = O, (1 —tanh?(y'z)) = Pyysech?(y'z)

13



rewrite again:

photon flux
normalized
to D4

Second Harmonic Generation (SHG)

(w) d, =d;,sech2(y'z) (6.11)

Y= A1
1
2w) @3 =_dytanh?(y'z) (6.12) V2
[ > P1w — 1, =1,,sech2(y’'z) (6.13)
I, > ®32W — I, = I, otanh?(y'z) (6.14)
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Practical example (calculate SHG efficiency)

Problem: calculate the efficiency of SHG conversion from a 1.06 um laser to the green (0.53 um)
Laser power: 1W; beam area: (100 um)?; nonlinear crystal: L=2 cm; d=20 pm/V; n=2

2w? d? 2
Use the formula: 15, = /1, = m (ﬁ)lw L (6.10b)

P=1; % 1W

lam=1.06e-6; % 1.06 pum
area=(100e-6)"2; % m"2
L=2e-2; % m

c=3e8; % m/sec

n=2;

eps0=8.85e-12;

d=20e-12; % V/m
omega=2*pi*c/lam; % rad/sec

eta SHG=2*omega"2/eps0/c”3 *d"2/n"3 *P/area *L"2

=0.053 = 5.3%




