Second harmonic generation

Use a single input field:

Ei(2)=E,(2)

Result of integration:

. iAKL
Then: E(Za))(L) - H dEz(a))e 1
o £(20) Ak
2 E3 =g \F Ey(z)--22 \F dEZ(z)e (Pate)?
Assume now: Output of second harmonic is:
(20) (20) *
- There is a nonlinearity d (only for certain symmetry) EF(LE(L) =
- No absorption in the medium, so 6=0 2 Aikl_
- Only little production of wave w3, so no back-conversion ) ,U 5 5 2
- Wave vector mismatch is d ‘E )‘ L 2
n“zo ——
Ak = k(22) _ (@) 2
The coupled wave equation can be integrated: Power at second harmonic:
2 .| M 2 iAkz
E( a))(Z) =—lw WdE (C())je dz Z(Akl—j ( )2
Conditions p(20) o 12422 2 )P
1)  Integration for O to L (length of medium) AKL)Y A
2)  And boundary E(ZQ,)(O):O (2)
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Second harmonic power; conditions

Conversion efficiency:

o AKL
p) o \ 2 )Pl
P B3k
2
1) Second harmonic produced is proportional to
p(2o) |:>(0))2

nonlinear power production
2) Efficiency is proportional to d? or
2
2
)

3) Efficiency is proportional to L?
and a sinc function

k-l Centre 1IN
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4) Efficiency is optimal if

Ak =0

This is the "phase-matching condition”
cannot be met, because:

k(22)  gk(@)
Use: k="
C
(20) _ 2n?)g k(@) _ 2n@g
C C

And dispersion in the medium:
(20) 4 (@)
So always Ak#=0

Physics: two waves with
E,(zt)=E, exp[i wt — ik(“’)zJ
E,,(zt)=E,, exp[Zi wt — ik(za’)zJ

will run out of phase




Coherence length and Maker fringes

After a distance the waves will run out of phase
AKl =7

Then the amplitude is at maximum.
The wave will die out in:

L, =2l

The coherence length:

L - 2r 2 3
C Ak k(20) _ople)
nc A

2(0(n(2w) - n(“’)) 4(n(260) _ n(w))

Typical values

A =1um
n(z“’) — n(“’) ~1072

L. =25um
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Experiment:

Sample F

w /7 w | ro P(2w)
‘\L/4 2w 2w

P.D. Maker, R.W. Terhune, M. Nisenoff, and C. M. Savage,
Phys. Rev. Lett. 8, 19 (1962).

= 13.9u

Att.heory

Maker fringes Atgy, = 144

o

Relative Blue Light Signal

"l 2, P AP B |
20 10 1] 10 20 30 40
Angular Rotation in Degrees

Only effective length of L. can be used
(Note: non-sinusoidal behavior due to
“non-critical phase matching")




Maxwell equations for anisotropic media

Induced polarization in a medium: Maxwell's equations (hon-magnetic media)
|5=8OZE ?xéz—@ ﬁxl:lzﬁ
Susceptibility is tensor of rank 2, causing the o o
P and E vectors to have different directions Dt e
R = eo(111Er + 112E2 + 213E3) oA O % e
P, = &o(x21E1 + X20E2 + 223E3) € ot
P; = &0(%31E1 + x32E2 + 733Es) Fap e Pl e
Elements of tensor depend on coordinate frame; kxE = pooH kxH =—-wD
[_j = 80E+ IES = 80(1+ Z” )E = gij E
With permitivity tensor gij Two vectors orthogonal to k
M h tic pl ith dicular: S L
onochromatic plane wave with perpendicular K L0 LB

E expli ot —ik - ]
H expliwt —ik - F]

Wavefront vector
- N _
k=——5

C
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Group and Phase velocity

ExH

H and D perpendicular to wave vector
Verify:

ELH
Further

If ¢is a scalar then D and E parallel,
but this is not the case in general

taser Neludl
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Poynting vector: S=Ex Fi
Is not along k-vector

_

Group Velocity is not equal o Phase Velocity
- in magnitude
- in direction




Fresnel equations

——  D=n%|E-5(5-E)

Choose coordinate frame (x,y,z) along
principal dielectric axes

(D) (e 0 O0)E

HREEEE

D,) Lo 0 &J\E
Permittivities ¢ differ along axes

qzn%{EL{§Eﬂ

&

Hence: D = gi)(g—é)
+ _%

n2 &

O
[l
@)

Form the scalar product  S-

| Laser Nedddes] >
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—> Fresnel's equation

2 2 2
Sx8+5y+3z

=0
€

o
o

M |,
(@)

<

L& L m o L
n2 n2 n2

m
X

m
N

Equation is quadratic in n and will have
two solutions n"and n”

Two waves D’(n’) and D ”(n”’) obey the equation

Summation . is over X.y,z
- 6|.6n: O
Anisotropic crystal can fransmit two waves with

perpendicular parallel polarizations (and any
linear combination of these two)




Refraction at boundary of anisotropic crystal

Incident beam is always decomposed into two
eigenmodes of the anisotropic crystal

5'(n) 5" ()

These modes are orthogonal to each other.
Each of the two modes undergoes refraction

with itsindexn’orn”

Hence:

kOSin(90 = klsin(91= k28in92

This is:

Double refraction

Intersection of
normai surface
with plane of incidence

Birefringence

| Laser Neida= =
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The index ellipsoid

Energy stored in an electric field in a medium: Uni-axial crystal:
1 2_&x _¢
U,==(E-D) Mg =—e—t n2 =%z
2 80 80 go
With: D, = gE; Index becomes:
2 2 2
2 2 X Yy z=
D2 DI D +os+ =1
222,00, A

Ex &y &

This is a surface (ellipsoid) of constant energy

Define a normalized polarization vector:

r=D,2U,

Index ellipsoid:

Poynting vector

X2 y2 22 _______
+—=+—=1
2 n2 n2
X y z (=r:0 0)

Three-dimensional body to find two indices
of refraction for the two waves D

Laser NaTida-
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Birefringent media

., wave vector
/v .
o] . Poynting
AN vector
L [s
v 1) . y

Two allowed polarization directions

-one polarized along the x-axis;

polarization vector perpendicular to the optic axis
ordinary wave; it transmits with index no.

-one polarized in the x-y plane but perpendicular to s;
polarization vector in the plane with

the optic axis is called the extraordinary wave.
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For an arbitrary angle:
X=ny Y=ny(0)cos® z=n,(0)sno

Projection of the ellipsoid on x=0

y2 Z2

L+ =1
2 2

nO ne

Insert:
1 cos®d N sin“6
29y 2 2
ne (9) nO ne

So index depends on propagation
of wave vector (0)

Birefringence  Ne>Mp positive

Ne <Np negative




Phase matching in Birefringent media

There exists an ordinary wave with Phase-matching, or Ak=0 can be reached now;

required is
Mo

And an extra-ordinary wave with
In case of (for KDP) ng<n
ne(g) neno ( ) e O

Jngsinze + ng cos® 4
- ; ngw (gm) =Ny
Both undergo dispersion

Equation to find the phase-matching angle:

1.60[— 2w (Qm ) _ neZa) nga)

* \/ (ng“’ )2 sin®g,,+ (neza’ )2 cos® 4,

Solve for sin®

1.55

LLEi®L-7.Y

1.50

145

g -]

o))’

Wavelength (u)

sn®@,, =
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Phase matching i

n Birefringent media

Graphical: index ellipsoid including dispersion

z (optic) axis
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1) 20

(no )_2 - (no

)
20 20
(ne ) - (”o

)-2
)-2

sinzé?mz

TYPE I phase matching
Eow + Eow N EQZ(D
Eeco + Eeco - Eo2co

negative birefringence
positive birefringence

TYPE IT phase matching
Eow + Eew - EeZw
Eow + Eew - EOZ(»

negative birefringence
positive birefringence

Type I = polarization of second harmonic
is perpendicular to fundamental
Type IT - can be understood as sumfrequency mixing




Phase matching and the "opening angle”

Consider Type I phase-matching and

a negatively birefringent crystal. Spread in K-values relates to spread in AB

Phase matching 28 _
20 20 . Ak =22 A0 with f o< sin20,
Ak:—[ne (9)—n0]:0 L
C Sinz{AkLw
- 3 2 A
This works for a certain angle 6_. PC) () o 2 |, sin[B (@ —9,2)]
Near this angle a Taylor series {A_kl—} [B(6-6,]
dAk 20 d [ 2, a,] 2
= n 0 —-N = 14
d0 C d@ e ( ) (0} 10 X 8.1 X[lo‘ s
o Experimental 004
20 d NeNo _ . 0.8} i sm_:i! :,E“: 148 x 1073 watt
¢ df /n2sin?@ +n2 cos?6 e koe "
NN . S ol
_2 €0 lz(ng—ng)smw g 04
C(nzsin29+n2cos29)3 02}
(6] e ’
20 0
N . ~0.F +0.1° +0.
— _Q 92 (f) (ng _ ng )S n 20 A?;;Ie of deviation, o,ofrom index-mat(gw:ng direction 0?
¢ nO ne
_ - " Opening angle:
with: Ng (9) =Ny 1)  Interpret as angle - 0.1° - of collimated beam
dAK o 2) Asadivergence (convergence) of a laser beam
1 = __ng’(ngz = n{,z)sin 20, 3) Asawavelength spread
do g~ C Ak _ A2
k A

BRI centre IR
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phase matching by angle tuning

For the example of LiIO,

Dispersion:

A o Ne
4000 1.948 1.780
4360 1.931 1.766
5000 1.908 1.754
5300 1.901 1.750
5780 1.888 1.742
6900 1.875 1.731
8000 1.868 1.724

10600 1.860 1.719

Use dispersion and phase-matching
relation:

sn®@,, =
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Calculate phase matching angle

PHASE MATCHING ANGLE 8,

500 520 540 860 580
waveiength (nm)

Practical issue of limitation:

LiTO; starts absorbing at 295 nm




Non-critical phase matching and temperature ftuning

Opening angle for wave vectors:

Ak:ZTﬂAQ f o< sin26,

Best if 0, = 90°

Calculation of Type I for temperatures

| .
540 0 ADP
/
530 — O/O
520 0 o———=0 0
510 —
I | | | |

L ] !
0 10 20 30 40 50 60 70 80 30 [00110 120

—>  Temperature tuning

-Xi-ld Centre I
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Advantages of 90° phase matching

1)  Poynting vector coincides with phase vector
so no "walk-off"

2)  The first order derivative in Taylor expansion

Cag _Qﬁ_)né“’(e) 3 (ncz, — ng)sin 20,

do ¢ ngne2
B ——— O
Hence non-critical phase matching:
AK oc (A 9)2

3) In many cases dis larger at 0,=90°




Quasi phase matching by periodic poling

Fundamental and harmonic run out of phase
in conversion processes.

> Coherence length is limited Periodic poling

Manufacturing of segments by external fields
During/after growth

c-Axes of Crystals

S I . B

g7, aP"Yat (arb. units)

Propagation Axis

0.0 0.5 1.0 1.5 20
z/L
c

Stick segments of material together with
opposite optical axes- crystal modulation.
Change of sign of polarization in each L,
- Coherence "runs back"
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Quasi phase matching: analysis

Coupled wave equation, with I =i a)Elzlnzc

di E, =T'd(z)exp[-iAk'Z]
Z

Integrate for second harmonic

E2(L)=1“T d(z)exp[-iAk'z]dz

d(z) consists of domains with alternating signs

N
—— Y gyexp(-iAk'z, ) — exp(-iAK'z 4 )]
Y=

Sign changes (should) occur at: e_iAkolzk'o = (- 1)k
Aky'  wave vector mismatch at design wavelength
For m™ order QPM:  Zc 0 = Mkl

: 2
E,. ~ilds —L
2,ideal eff mr

E,(L)=TdgL  for perfect phase matching

k-l Centre 1IN
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Loss factor: ——

(b)

A: perfect phase matching

C: phase mismatch for non-poling
B,: poling at L,

B3: poling after 3L,




Pump depletion in SHG

In case of high conversion also revers
processes play a role:

W + Wy —> (3 W3 — W —> Wy
W3 =07 —> @
Define amplitudes and assume no absorption
A=£Ei gl [Ho |1®203
; 2 o r11n2n3

Then coupled wave equations turn to
Coupled amplitude equations

d .. »_—iAkz
EA}L— lkAgAoe

&Ry = siA AN
d |Akz
pr Ay =l Ae

Assume second harmonic gener'a‘rion Ak=0;
no field with A,;
field A, is degenerate AA, = A&

Rewrite: Ag'=—iAg

-Xi-ld Centre I
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Then:
d\__ A d,._1 0
EA.‘L_ KAg' A dzA‘g_ZKAL
Calcula‘re
e e A

Soincrystal:  A? +2(Ag'(z))? = constant = AZ(0)

Consider:
1
Ii 2\/70 ‘E‘ \/7 |‘A“ IiOCNiha)i

Hence: #photons(w,) + 2#photons(m;)=constant

Energy and photon numbers are conserved




Solve amplitude equation

Solution:

Ag'(2)= A(0) tanh{ At(l(;);z}

V12

Conversion efficiency

_ |As(2)°

k-l Centre 1IN

TP 1, 2
,/A0)

Pump depletion in SHG - 2

For:

Al(O)KZ —> 0

Second-harmonic energy
conversion efficiency (%)

input intensity (GW/em?)

_ tmhz{%}
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