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1 OVERVIEW

1 Overview

The program Parametrika 1.1 was released in April of 2023. It was written
with Python 3.7 using Kivy (https://kivy.org/).

The window of the main Program is presented in Fig. The main windows
of the modules Bulk Crystals and PP Crystals are presented in Figs. [l and [3]
respectively. In both modules, one can choose either Up-conversion or Down-
conversion modules. The crystals’ database can be edited by pressing Edit
Database.

Parametrika 1.1
@\

2023

Bulk Crystals PP Crystals

Figure 1: The main window.
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Edit Database

Up-conversion

Down-conversion

Figure 2: Window of the module Bulk Crystals.
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PP Crystals Edit Database

Up-conversion
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Figure 3: Window of the module PP Crystals.



2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

2 Module Bulk Crystals

2.1 Module Down-conversion
2.1.1 Three interacting waves

The phase-matching for optical parametric down-conversion is calculated.
Three interacting waves, their angular frequencies and wavelengths:

o Signal: wy, .

o [dler: wa, As.

o Pump: ws, As.

Conservation law of the photon energy (Fig. [4)):

hw;g = hwl + hUJQ, (1)
where 7 is the reduced Plank constant. w = 2me¢/\, where ¢ is speed of light.

Therefore:
1 1 1

e 2
A3 A1 Ao (2)

Phase-matching schemes for the collinear as well as noncollinear interaction
types are presented in Fig.

hw,

Figure 4: Scheme of photon energies in the optical parametric down-conversion.

ky key
ks ks

Figure 5: Collinear (left) and noncollinear (right) phase-matching schemes. kj,
ko and k3 are the wavevectors of signal, idler and pump waves, respectively.




2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.2 Choose wavelengths B Perametriks - o %

Bulk crystals: down-conversion

First, write the wavelengths values in nanometers for signal and pump waves, WAVELENGTHS ()
Fig. @ Idler wavelength is calculated by the use of Eq. .

um) Signal dler
Py £ I Idi

400.0 1000.0 666.67

—
CRYSTAL TYPE (s-i-p) PLANE

EULER ANGLES Theta and Phi (deqg)

__ e

Calculate and draw

Figure 6: Input wavelengths menu.



2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

2.1.3 Nonlinear crystals

List of nonlinear crystals (Fig. [7):

ADP, ammonium dihydrogen phosphate (uniaxial).

BBO, beta-barium borate (uniaxial).

GaSe, gallium selenide (uniaxial).

KDP, potassium dihydrogen phosphate (uniaxial).
KTP, potassium titanyl phosphate (biaxial).
LBO, lithium triborate (biaxial).

LN, lithium niobate (uniaxial).

B Parametrika

Bulk crystals: do
WAVELENGTHS (nm)

Pump Signal Idler

400.0 1000.0 666.67

TYPE (s-i-p) PLANE
oee

\NGLES Theta and Phi (deg)

w ion

Calculate and draw

No data yet..

Figure 7: Select crystal drop-down menu.



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.4 Interaction type B Perametria ~ o0 «x

Bulk crystals: down-conversion

In the interaction type, the notations are in the following order: signal-idler-
pump, e.g. ooe means that signal and idler waves are ordinary waves and pump
wave is extraordinary wave.

400.0 1000.0 666.67
List of interaction types (Fig. [8): R N

—
CRYSTAL TYPE (s-i-p) PLANE
® 00¢

oee

WAVELENGTHS (nm)

Pump Signal Idler

® oce
EULER A s hi (deg)
® coe
- = - S
® ceo oe
® €00
® 0€0

For negative uniaxial crystals (ADP, BBO, GaSe, KDP, LN), the interaction
types eeo, eoo, oeo are impossible.

Figure 8: Select type drop-down menu.



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.5 Interaction plane B Paremetice ~ o x

Bulk crystals: down-conversion

For biaxial crystals (KTP, LBO), the plane bar is activated. List of planes WAVELENGTHS (nm)
(Flg ED: Pump Signal Idler

400.0 1000.0 666.67
. XY oo meo e

—
CRYSTAL TYPE (s-i-p) PLANE
o X7

o Y7

EULER ANGLES Theta and P

_- e

Calculate and draw

Figure 9: Select plane drop-down menu.
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2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.6 Geometry

The Euler angles 6 and ¢ (Theta and Phi) are shown in Fig. In the
uniaxial crystal (ADP, BBO, GaSe, KDP, LN), z axis is the optical axis. C X
Then, principal refractive indices n, = n, = n, and n, = n..

In uniaxial crystals, all possible phase-matching angles are calculated. In
biaxial crystals (KTP, LBO), the phase matching is calculated only in one
chosen plane.

nz Y

X

S

Figure 10: Left: Euler angles 6 and ¢ (Theta and Phi) in the Cartesian coor-
diante system x, y, z. Right: coordinate system for uniaxial crystal.
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2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

2.1.7 Run!

e To run the program press Calculate and draw button, Fig.

B Parametrika

WAVELENGTHS (nm)

Pump Signal Idler

1000.0 666.67

TYPE (s--p) PLANE

EULER ANGLES Theta and Phi (deg)

Calculate and draw

Bulk crystals: down-conversion

No data yet..

Figure 11: Calculate and draw button.
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2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

o If Fuler angles are initially empty, then the collinear phase-matching
is calculated. Otherwise, the program searches for noncollinear phase-

matching.

e If the phase-matching is found the buttons Rotate Theta and Rotate Phi
become activated (Fig. . By pressing these buttons the crystal is
rotated quickly by the step of 5°. The crystal may be also rotated slowly

by changing the angles in the corresponding input labels.

e In the biaxial crystals (KTP, LBO), the rotation only in one plane is

allowed.

13

B Parametrika
Bulk crystals: down-c sion )
WAVELENGTHS (nm)

Pump 3 Idler

—_—
CRYSTAL TYPE (s-ip) PLANE

BBO

EULER ANGLES Theta and Phi (deg):

37.42638 Collinear phase matching found!
Crystal: BBO, Type: ece.

theta (deg): 37.426, phi (deg): 0.0

deff (pm/V):  1.39

e A lambda (hm):  1000.00, 666.67, 400.00
c/v: 1.610, 1.666, 1.643
c/fu: 1629, 1697, 1.722
GVD (fs"2/mm):  39.78, 98.18, 186.17
walk-off (mrad):  70.85, 0.00, 75.32

Rotate Theta Rotate Phi

Figure 12: Press these buttons to rotate the crystal.



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

e Dispersion parameters for all three interacting waves are shown in the I parametrica
Output bOX 1 (Flg - Bulk crystal

WAVELENGTHS (nm)
e The crystal and output waves are visualized in the graphic box 2 (Fig.

13).

Pump Signal Idler

400.0 000.0 666.67
Cl AL TYI P)

PLANE

BBO

EULER ANGLES Theta and Phi (deg):

37.42638 L

Calculate and draw

Collinear phase matching found!
Crystal: BBO, Type: ece. 1

theta (deg): 37.426, phi (deg): 0.0

deff (pm/V):  1.39

lambda (hm):  1000.00, 666.67, 400.00
1.610, 1.666, 1.643
1629, 1697, 1.722
GVD (fs"2/mm):  39.78, 98.18, 186.17
walk-off (mrad):  70.85, 0.00, 75.32

Rotate Theta Rotate Phi

Figure 13: Visualization and information boxes.
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2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

2.1.8 3D visualization

o Uniazial crystal. The crystal is cut with respect to the collinear phase-
matching angle 6, (Fig. ) and angle ¢ corresponds to the optimal
def¢. The signal and idler cones are visualized in the case of noncollinear

phase-matching (Fig. [14p).

e Biazial crystal. The chosen plane is horizontal and the crystal is cut with
respect to the collinear phase matching angle. By varying the angle (either
Theta or Phi) the noncollinear phase-matching is calculated (Fig. [T4k).

Rotation out of the plane is prohibited.

e The walk-off angle is visualized only for uniaxial crystals.

\ a
f--_..-
optical axis '
b
idler
@"‘-—
signal “bumyp '
C

S B

Figure 14: Visualization of (a) collinear phase-matching in uniaxial crystal;
(b) noncollinear phase-matching in uniaxial crystal; (c) noncollinear phase-
matching in biaxial crystal.
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2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.9 Dispersion parameters Collinear phase matching found!
Crystal: BBO, Type: oee.

The dispersion parameters are found by the use of the Sellmeier equations from theta (deg): 47.459, phi (deg):  30.0

[1]. deff (pm/V): -1.14
. . lambda (nm):  1000.00, 666.67, 400.00
List of the parameters (Fig. [L5]): c/v: 1656, 1539, 1622
c/u: 1676, 1.625 1.695
o ¢/v: refractive index. GVD (fs"2/mm):  49.09, 79.05 174.08

walk-off (mrad): 0.00, 7202  75.69
e c¢/u: fraction of speed of light to the group velocity.

e GVD: group velocity dispersion coefficient.

o walk-off: the walk of angle.

Figure 15: Dispersion parameters in the information box.
The effective nonlinear susceptibility d.s; is found by the use of formulas

given in [I]. This parameter is wavelength- and angle- dependent.

16



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.10 Bandwidth estimation window B Porormeviie

Bulk crystals: down-cony on

e After successful calculations in the main window of Down-conversion mod-

ule, second window may be activated by pressing the right arrow button
(Fig. for bandwidth calculations.

WAVELENGTHS (nm)

Pump Signal Idler

122414

e —
PLANE

EULER ANGLES Theta and Phi (deg)

9.267 Phase matching found!
Crystal: LBO, Type: ooe, Plane: XY.

deff (pm/V): 0.66
lambda (nm):  500.00, 122414, 355.00
theta (deg): 9000, 90.00, 90.00
Salcuaignda phi (deg): 4131, 3419, 39.27
c/v: 1624, 1602, 1615
c/u: 1662, 1.625 1.689
GVD (fs"2/mm):  97.78, -3.39, 15207
walk-off (mrad): 0.00, 0.00, 18.54

Rotate Phi

Figure 16: Press right arrow button.
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2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

e Choose input parameters 1 and press RUN 2 (Fig. .
e The user may choose either signal of idler waves.

e For intensity evaluation, the following input parameters are used: Energy,
Pulse duration, Beam radius. For gain band calculation, parameter Crystal
length is used as well. See Section for more details.

B Parsmetrika

Energy (mJ)

+

Pulse duration (ps)
+

Beam radius (mm)
+

Crystal length (mm)

+

Wave

signal

Bulk crystals: down-conversion

10

0.8 4

0.6

0.4 4

0.2 4

0.0

T T
0.0 0.2 0.4

T T
0.6 0.8 10

No data yet..

Figure 17: Bandwidth calculation window of module Down-conversion.
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2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

e Gain band is calculated and presented in a graphical box. In the output
box, the calculated gain bandwidth at FWHM is presented as well (Fig.

E)

e The crystal information is given in the output box.

19

B Parametrika - m} X

Is: down-cor ion

Energy (mJ)

:
1124

Pulse duration (ps)
1104

600.0
+
1.08

Beam radius (mm) 1.06 4

+ 1044

ystal length (mm) 1024

1.00

+

15.0
-0.02 -0.01 0.00 0.01 0.02
lambda (nm) +5e2

Wave
Vave Gain band calculated!

signal

Crystal: LBO. Type: ooe. Plane: XY

lambda (nm): 500.0, lambda?2 (nm): 1224.14, lambda3
(nm): 355.0

thetal (deg):90.0, theta2 (deg):90.0, theta3 (deg):90.0
phil (deg):34.27, phi2 (deg):34.27, phi3 (deg):34.267
Delta lambda (nm):0.0097

Figure 18: Bandwidth calculation in the module Down-conversion.



2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

e Click the left arrow button to return to the main window of Down-

conversion module (Fig. .

B Parametrika - m} X
Is: down-cor ion
Energy (mJ)
+
1124
Pulse duration (ps)
1104
600.0
+
1.08 4
Beam radius (mm) 106 4
1.0
- : "
ystal length (mm) 1024
15.0 1004
+
-0.02 -0.01 0.00 0.01 0.02
lambda (nm) +5e2

Wave
Vave Gain band calculated!

signal

Crystal: LBO. Type: ooe. Plane: XY

lambda (nm): 500.0, lambda?2 (nm): 1224.14, lambda3
(nm): 355.0

thetal (deg):90.0, theta2 (deg):90.0, theta3 (deg):90.0
phil (deg):34.27, phi2 (deg):34.27, phi3 (deg):34.267
Delta lambda (nm):0.0097

Figure 19: Left arrow button returns to the main window of the Down-

20

conversion module.



2 MODULE BULK CRYSTALS

2.2 Module Up-conversion

2.2 Module Up-conversion
2.2.1 Three interacting waves

The phase-matching for optical parametric up-conversion is calculated. Three
interacting waves, their angular frequencies and wavelengths:

o Pump 1: wy, .

o Pump 2: wa, As.

o Sum Frequency: ws, A3.

Conservation law of the photon energy (Fig. [20)):

3)

where 7 is the reduced Plank constant. w = 2w/, where c is speed of light.
Therefore:

hwi + hwy = hws,

1 1

A A A3 @

Phase-matching schemes for the collinear as well as noncollinear interaction
types are presented in Fig. 21}

1

21

Figure 20: Scheme of photon energies in the optical parametric up-conversion.

ky

ke

k,

Figure 21: Collinear (left) and noncollinear (right) phase-matching schemes.
ki, ko and k3 are the wavevectors of pump 1, pump 2 and sum-frequency
waves, respectively.



2 MODULE BULK CRYSTALS

2.2 Module Up-conversion

2.2.2 Choose wavelengths

First, write the wavelengths values in nanometers for signal and pump waves,
Fig. Sum frequency wavelength is calculated by the use of Eq. .

22

B Parametrika - m} x

Bulk crystals: up-conversion
WAVELENGTHS (nm)

Pump 1 Pump 2 Sum Freq.

1000.0 1200.0 54545

—_—
TYPE (p1-p2-sf) PLANE

Angle Thetal (deg) and Tilt (deg)

__ e

Calculate and draw

Figure 22: Input wavelengths menu.



2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

2.2.3 Nonlinear crystals B raametia

Bulk crystals: up-conversion

List of nonlinear crystals (Fig. [23): WAVELENGTHS (nm)

Pump 1 Pump 2 Sum Freq.

e BBO, beta-barium borate (uniaxial).

— .
RYSTA TYPE (p1-p2-sf) PLANE
e GaSe, gallium selenide (uniaxial).

e KDP, potassium dihydrogen phosphate (uniaxial).

e ADP, ammonium dihydrogen phosphate (uniaxial).

Thetal (deg) and Tilt (deg):

e KTP, potassium titanyl phosphate (biaxial). -_ No data yet..

e LBO, lithium triborate (biaxial).

Calculate and draw

e LN, lithium niobate (uniaxial).

Figure 23: Select crystal drop-down menu.
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2 MODULE BULK CRYSTALS

2.2 Module Up-conversion

2.2.4 Interaction type

In the interaction type, the notations are in the following order: pump 1-pump
2-sum frequency, e.g. ooe means that both pump waves are ordinary waves

and sum frequency wave is extraordinary wave.
List of interaction types (Fig. [24)):

® 00¢
® oce
® coe
® ceo
® €00

® 0c€o

For negative uniaxial crystals (ADP, BBO, GaSe, KDP, LN), the interaction

types eeo, eoo, oeo are impossible.

24

B Parzmetrika - m] X

Bulk crystals: up-conversion
WAVELENGTHS (nm)

Pump 1 Pump 2 Sum Freq

1000.0 1200.0 545.45

—_—
CRYSTAL TYPE (p1-p2-sf) PLANE

BBO

Angle | cos I (deg):

- - - e

o

Figure 24: Select type drop-down menu.



2 MODULE BULK CRYSTALS

2.2 Module Up-conversion

2.2.5 Interaction plane
For biaxial crystals (KTP, LBO), the plane bar is activated. List of planes

(Fig. :
e XY
o X7
o Y

25

B Parametriks

Bulk crystals: up-conversion
WAVELENGTHS (nm)

Pump 1 Pump 2 Sum Freq

1200.0 545.45
— .

CRYSTAL TYPE (p1-p2-sf) PLANE

KTP

Angle Thetal (deg) and Til

_- B

Calculate and draw

Figure 25: Select plane drop-down menu.



2 MODULE BULK CRYSTALS

2.2 Module Up-conversion

2.2.6 Geometry

The Euler angles 6 and ¢ (Theta and Phi) are shown in Fig. In the
uniaxial crystal (ADP, BBO, GaSe, KDP, LN), z axis is the optical axis.
Then, principal refractive indices n, = n, = n, and n, = n..

In uniaxial crystals, all possible phase-matching angles are calculated. In
biaxial crystals (KTP, LBO), the phase matching is calculated only in one
chosen plane.

26

4 Z
-l > v
g X
x B

@

Figure 26: Left: Euler angles 6 and ¢ (Theta and Phi) in the Cartesian coor-
diante system z, y, z. Right: coordinate system for uniaxial crystal.



2 MODULE BULK CRYSTALS 2.2 Module Up-conversion
2.2.7 Run! B Parametrika - O %
Bulk crystals: up-conversion
e To run the program press Calculate and draw button, Fig. WAVELENGTHS (nm)
Pump 1 Pump 2 Sum Freq.
—

CRYSTAL TYPE (p1-p2-sf) PLANE

Angle Thetal (deg) and Tilt (deg).

__ e

Calculate and draw

Figure 27: Calculate and draw button.
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2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

o If Angle Thetal and Tilt are initially empty, then the collinear phase- B Perarmerica - 0 X
matching is calculated. Otherwise, the program searches for noncollinear

Bulk crystals: up-co ion

phase-matching. WAVELENGTHS (nm)
Pump 1 Pump 2 Sum Freq.
o Uniaxial crystals. If the phase-matching is found four buttons: Increase
Thetal, Decrease Thetal, Increase Tilt and Decrease Tilt become acti-

\
vated (Fig. . By pressing these buttons the angles are altered by the L TYPE(pIp2sh) PLANE .
step of 1°. The crystal may be also rotated more slowly by changing the
angles in the corresponding input labels.

Angle Thetal (deg) and Tilt (deg):

30.72178 Collinear phase matching found!
Crystal: BBO, Type: oee.

theta (deg): 30.72, phi (deg): 0.00
deff (pm/V):  1.63
lambda (nm):  1000.00, 1200.00, 545.45

Calculate and draw

c/v: 1.656, 1.620, 1.639
c/u: 1.676, 1.640, 1.681
GVD (fs"2/mm):  49.09, 2052, 118.52
Increase Thetal Increase TILT walk-off (mrad): 0.00, 6558 67.09

Decrease Thetal Decrease TILT

Figure 28: Press these buttons to rotate the crystal and change the tilt angle.

28



2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

e Biazial crystals. If the phase-matching is found only two buttons: Increase B parertria - 0 X
Tilt and Decrease Tilt become activated (Fig. [29). By pressing these Bulk erystals: up conversion
buttons the angles are altered by the step of 1°. The crystal may be WAVELENGTHS (nm)
also rotated more slowly by changing the angle in the corresponding input Pump 1 Pump 2 Sum Freq

label. The rotation outside the chosen plane is prohibited.

—
TYPE (p1-p2-sf) PLANE

Angle Theta1 (deg) and Tilt (deg):

42.37795 Collinear phase matching found!
Crystal: LBO, Type: oee, Plane: XY.

theta (deg): 90.0, phi (deg): 42.38

deff (pm/V): 0.0
el e Jambda (nm):  1000.00, 1200.00, 54545
chv: 1607, 1576, 1.593
c/u: 1.627, 1597, 1.623

GVD (fs*2/mm):  23.90, 1.97, 80.57
walk-off (mrad): 0.00, 1592, 1748

Increase TILT

Decrease TILT

Figure 29: Press these buttons to change the tilt angle.
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2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

e Dispersion parameters for all three interacting waves are shown in the B Parametrica - 0 %

output box 1 (Flg . Bulk crystals: up-co

WAVELENGTHS (nm)

e The crystal and output waves are visualized in the graphic box 2 (Fig.

30).

Pump 1 Pump 2 Sum Freq

1200.0 545.45

TYPE (p1-p2-sf) PLANE

Angle Thetal (deg) and Tilt (deg):

30.72178 Collinear phase matching found!

Crystal: BBO, Type: cee. 1

heta (deg): 30.72, phi (deg): 0.00

deff (pom/V):  1.63

lambda (hm):  1000.00, 1200.00, 545.45
c/v: 1.656, 1.620, 1.639
c/u: 1.676, 1.640, 1.681
GVD (fs*2/mm):  49.09, 20.52, 118.52
alk-off (mrad): 0.00, 65.58, 67.09

Calculate and draw

Increase Thetal Increase TILT

Decrease Thetal Decrease TILT

Figure 30: Visualization and information boxes.
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2 MODULE BULK CRYSTALS

2.2 Module Up-conversion

2.2.8 3D visualization

o Uniaxial crystal. The crystal is cut with respect to the collinear phase-
matching angle 0, and angle ¢ corresponds to the optimal d.s¢ (Fig. )
In the case of the noncollinear phase-matching, the tilt angle is the angle
between the pump 1 and pump 2 waves (Fig. )

e Biazial crystal. The chosen plane is horizontal and the crystal is cut
with respect to the collinear phase matching angle. By varying the tilt
angle (Increase Tilt, Decrease Tilt) the noncollinear phase-matching is
calculated (Fig. ) Rotation out of the plane is prohibited.

a
—
optical axis .
b
oy,
sum fre*qr/vﬁm"'J 4
Plmy 2 .
C

8

Figure 31: Visualization of (a) collinear phase-matching in uniaxial crystal;
(b) noncollinear phase-matching in uniaxial crystal; (c) noncollinear phase-
matching in biaxial crystal.
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2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

2.2.9 Dispersion parameters B poramctiks - o x

Bulk crystals: up-conversion

The dispersion parameters are found by the use of the Sellmeier equations from WAVELENGTHS (nm)

Pump 1 Pump 2 Sum Freq.

bt ofthe parameters (Fie. B3
. . . —_—
e ¢/v: refractive index. TYPE (p1-p2sf) PLANE .

e c¢/u: fraction of speed of light to the group velocity.

e GVD: group velocity dispersion coefficient.

Angle Thetal (deg) and Tilt (deg)

° - . . 30.72178 0.2 Phase matching found!
walk-off : the walk of angle _ A

The effective nonlinear susceptibility d.s; is found by the use of formulas Ut
given in [I]. This parameter is wavelength- and angle- dependent.

Calculate and draw

theta (deg): 30.722, 30.860, 30.784
phi (deg): 0127, 0155 0.000
c/v 1.656, 1.619, 1.639
Increase Thetal Increase TILT clu: 1676 1639, 1.681
GVD (fs"2/mm):  49.09, 20.47, 118.48
walk-off (mrad): 0.00, 6573, 67.16

Decrease Thetal Decrease TILT

Figure 32: Dispersion parameters in the information box.
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3 MODULE PP CRYSTALS 3.1 Module Down-conversion
3 Module PP Crystals g
3.1 Module Down-conversion hw,
hw-
3.1.1 Three interacting waves ’ { .
)
The quasi-phasematching for optical parametric down-conversion in the pe-

riodically poled crystal is calculated. Three interacting waves, their angular
frequencies and wavelengths:

o Pump: ws, A3.

o Signal: wy, Ai.

o [dler: wa, As.

Conservation law of the photon energy (Fig. [33):
hws = hwy + hwa, (5)

where h is the reduced Plank constant. w = 2w/, where ¢ is speed of light.

Therefore:

1 1 1
Mo ©
In the periodically poled crystal, quasi-phasematching condition reads:
2mng B 2mny _ 27mno _ 21 1)
A3 A1 Ao A

Here, n and A are the refractive index and lattice period, respectively. Lattice
wavenumber kg = 2% Phase-matching scheme is depicted in Fig.

Refractive index is a wavelength and temperature function n(A,T).

The user should provide Pump wavelength A3 and Temperature T'.

Either Signal wavelength A1 or Lattice period A should be provided, then
the remaining can be calculated.

33

Figure 33: Scheme of photon energies in the optical parametric down-

conversion.

Figure 34: Collinear quasi-phasematching in the periodically poled crystal. ky,
ko and k3 are the wavevectors of signal, idler and pump waves, respectively.
k, is the lattice wavevector.



3 MODULE PP CRYSTALS 3.1 Module Down-conversion

3.1.2 Nonlinear crystals B Pacametiea - o x
0 o OUTPUT

List of nonlinear crystals (Fig. : Crystal
PPLN_cm

e PPLN-cm, periodically poled congruent lithium niobate, (uniaxial). ookre Temperture (4

e PPLN-sm, periodically poled stoichiometric lithium niobate, (uniaxial). PPLN_cm
. . . . . . - . Lattice p. (um)
e PPKTP, periodically poled potassium titanyl phosphate (biaxial). PPLN_sm 5 28,405 0.8
="
Draw (signal) 0.6
1.0
0.4 1
0.8 1
0.6 0.2 1
0.4
0.0 T T T T
0.2 1 0.0 0.2 0.4 0.6 0.8 1.0
0.0 No data yet..

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 35: Select crystal drop-down menu.
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3 MODULE PP CRYSTALS

3.1 Module Down-conversion

3.1.3 Interaction type

Uniaxial crystals. In the interaction type, the notations are in the following or-
der: signal-idler-pump, e.g. ooe means that signal and idler waves are ordinary
waves and pump wave is extraordinary wave.

List of interaction types for uniaxial crystals (Fig. :

® cee
® 00¢
® 0c€o

® €00

35

B Parametrika
OUTPUT

Crystal
PPLN_cm

Pump w. (nm)

1.0

1000.0

Signal w. (nm)

1402.5 - 081

Draw (- 0.6
1.0
0.4 1
0.8 4
0.6 | 0.2 4
0.4 1
0.0 T T
0.0 0.2 0.4 0.6 0.8 1.0
0.2 1
0.0 i . i . No data yet..

0.0 0.2 0.4 0.6 0.8 1.0

Figure 36: Select type drop-down menu. Uniaxial crystals.



3 MODULE PP CRYSTALS

3.1 Module Down-conversion

Biazial crystals. In the interaction type, the notations are in the following
order: signal-idler-pump. For example, the interaction type ZZZ means, that
the refractive indices of all three interacting waves are the principal refractive

indices n,(\, T).
List of the interaction types in biaxial crystals (Fig. :

o 177
o YZY
o YYZ
o X7X
o XX7

36

B Parametrika - ] X

PP crystals: nversion OUTPUT
Crystal Ty -p)
PPKTP

Pump w. (nm)

1000.0

Signal w. (nm)

1402.5 - 081
2

Draw (

0.6

1.0
0.4 7
0.8
0.6 0.2 1
0.4
0.0 T T T T
0.2 0.0 0.2 0.4 0.6 0.8 1.0
0.0 . i . i No data yet..
0.0 0.2 0.4 0.6 0.8 1o

Figure 37: Select type drop-down menu. Biaxial crystals.



3 MODULE PP CRYSTALS 3.1 Module Down-conversion

3.1.4 Pump wavelength and temperature B Perametrica

OUTPUT

Pump wavelength and temperature should be provided in Pump w. and Tem- Crystal
perature boxes, respectively (Fig. . PPLN_cm

Pump w. (nm) Temperture (K)

1000.0 300.0
Signal w. (nm) Lattice p. (um)
28.405 081
Draw (signal) 0.6 1
1.0
0.4 1
0.8 1
0.6 0.2 1
0.4 1
0.0 T T T T
0.2 0.0 0.2 0.4 0.6 0.8 1.0
0.0 i . i . No data yet..
0.0 0.2 0.4 0.6 0.8 1.0

Figure 38: Pump w. and Temperature edit boxes.
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3 MODULE PP CRYSTALS 3.1 Module Down-conversion

3.1.5 Signal wavelength and lattice period BB parameica - 0 X
OUTPUT

One of the edit boxes, either Signal w. or Lattice p., should be filled. Then, Crystal Type (s--p)
by clicking either right or left arrow (Fig. [39) the remaining parameter is PPLN_cm eee
calculated: either lattice period or signal Wavelength. Pump w. (nm) Temperture (K)
Signal w. (nm) Lattice p. (um)
> 28.405 081
-
Draw (signal) 0.6 |
1.0
0.4 1
0.8 1
0.6 0.2 4
0.4 1
0.0 T T T T
021 0.0 0.2 0.4 0.6 0.8 1.0
0.0 i . . i No data yet..

0.0 0.2 0.4 0.6 0.8 10

Figure 39: Calculate lattice period or signal wavelength.
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3 MODULE PP CRYSTALS 3.1 Module Down-conversion

B Parsmetrika

3.1.6 Run!

nversion QUTPUT

e Choose input parameters and press Draw (signal and idler) button (Fig. Crystal . :
) . PPLN_cm emperature tuning

Pump w. (nm) Temperture (K)

1000.0 300.0

Signal w. (nm) Lattice p. (um)

1402.5 - 28.405
<

Draw (signal)

e The Signal w. window should be filled before pressing Draw (signal and
idler) button.

0.8 4

e The graph of the dependence A(A) is drawn, red line. The black dot notes

the values given in Signal w. and Lattice p. boxes.
0.6

e This graph is also drawn after pressing the right and left arrows, Fig. 39 PPLN_cm, eee, A3 =1000.0 nm, T=300.0 K
4000
0.4 7
[= 3000 ol
=
~
2000 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
275 28.0 285 290 295 Drawn!
A (um)

Figure 40: Run the calculations and draw A(A) graph.
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3 MODULE PP CRYSTALS

3.1 Module Down-conversion

o After successful calculations, the Temperature tuning button is activated
(Fig. [41).

e Press this button and the signal wavelength dependence on temperature
A1(T') graph will be drawn, black line. The blue dot notes the values given
in the Temperature and Signal w. boxes.

40

B Parametrika
Crystal

PPLN_cm

Pump w. (nm)

Signal w. (nm)

PP crystals: down-co

Temperture (K)

1000.0 300.0

Draw (signal)

PPLN_cm, eee, A3 =1000.0 nm, T=300.0 K

Type

eee

Lattice p. (um)

4000

3000

A (nm)

2000

PPLN_cm, eee, A3 =1000.0 nm, A = 28.405 um|

OUTPUT

Temperature tuning

1.4035
1.4030
E 1.4025
=
<
1.4020

1.4015

1.4010

295.0 297.5 300.0 302.5

T ()

27.5 28.0 285 29.0 29.5

A (um)

Drawn (tuning)!

Figure 41: Temperature tunning button and graph.



3 MODULE PP CRYSTALS 3.1 Module Down-conversion

3.1.7 Output data B Parmeria

QUTPUT

e To see the output data push the Output button, Fig. Crystal

PPLN_cm

Temperature tuning

Pump w. (nm) Temperture (K)

1000.0 300.0

PPLN_cm, eee, A3 =1000.0 nm, A = 28.405 um

Signal w. (nm) Lattice p. (um) 1.4035
1402.5 = 28.405
il 1.4030

Draw (signal)

E 1.4025
PPLN_cm, eee, A3 =1000.0 nm, T=300.0 K 5
4000 ~
1.4020
g 3000 1.4015
£
= 1.4010
2000
295.0 297.5 300.0 302.5
T(K)
27.5 28.0 285 29.0 295 Drawn (tuning)!
A (pm)

Figure 42: Qutput button.
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3 MODULE PP CRYSTALS 3.1 Module Down-conversion

e In the new window, push UPDATE and PRINT button, Fig. W perametria - 0 %

PP crystals: down-conversion UPDATE and PRINT

Press Update and Print..

Figure 43: UPDATE and PRINT button.
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3 MODULE PP CRYSTALS 3.1 Module Down-conversion

Output data is presented in the output window, Fig. [44] B pemis -0 %
s: down-conversion UPDATE and PRINT

The data of A(A) graph (Fig. is presented in the output window, Fig. (Press UPDATE and PRINT when = changed)
It can be copied and pasted in MS Excel data sheet. In Excel, check PPLN_cm, eee, lambda3 =1000.0 nm, T=300.0 K

the left column and perform Data — Text to Columns. T

3636.36| 28.15

. . . . . 3333.33| 28.64
The dispersion parameters are shown in the output window, Fig. 3076.92 | 28.98
2857.14| 29.22
. . 2666.67 | 29.38
— ¢/v: refractive index. 2500.00 | 29.49
2352.94] 29.56

. 3 3 3 2222.22] 29.60
— ¢/u: fraction of speed of light to the group velocity. Sios2e 12963
. . . . 2000.00] 29.63
— GVD: group velocity dispersion coefficient. 1004.76 | 29.63
1818.18] 29.60
. . . i 1739.13 | 29.56
After changing input parameters in the main window of PP Crystal Down- o
conversion module press UPDATE and PRINT button again. 1538.46 | 29.22
1481.48| 28.98
1428.57 | 28.64
1379.31] 28.15

lambda (nm):  1402.50, 3484.47, 1000.00
c/v. 2143, 2079, 2160
c/u: 2187, 2212, 2220
GVD (fs*2/mm): 136.86, -767.45, 26272

Figure 44: Output data.
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3.2 Module Up-conversion

3.2 Module Up-conversion
3.2.1 Three interacting waves

The quasi-phasematching for optical parametric up-conversion in the period-
ically poled crystal is calculated. Three interacting waves, their angular fre-
quencies and wavelengths:

o Pump 1: wy, Ai.

o Pump 2: wa, As.

e Sum Frequency: ws, A3.

Conservation law of the photon energy (Fig. :

(8)

where 7 is the reduced Plank constant. w = 2me¢/A, where c is speed of light.
Therefore:

hwi + hwy = hws,

1 1 1
e )
A1 A A3
In the periodically poled crystal, quasi-phasematching condition reads:
2mng  2mny 21ne Qi

(10)

A3 A1 X A
Here, n and A are the refractive index and lattice period, respectively. Lattice
wavenumber kg = 2% Phase-matching scheme is depicted in Fig.
Refractive index is a wavelength and temperature function n(A,T).
The user should provide wavelengths of Pump 1 A1 and Pump 2 As. The
wavelength of Sum freq. A3z is calculated by the use of Eq. @D
The calculations are performed for the temperature T'= 300 K.

h(.L)3

Figure 46: Collinear quasi-phasematching in the periodically poled crystal. ki,
ks and k3 are the wavevectors of pump 1, pump 2 and sum frequency waves,
respectively. kg is the lattice wavevector.
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3 MODULE PP CRYSTALS

3.2 Module Up-conversion

3.2.2 Nonlinear crystals

List of nonlinear crystals (Fig. :
e PPLN-cm, periodically poled congruent lithium niobate, (uniaxial).
e PPLN-sm, periodically poled stoichiometric lithium niobate, (uniaxial).

e PPKTP, periodically poled potassium titanyl phosphate (biaxial).

45

B Parametrika

Crystal
PPLN_cm

PPKTP
PPLN_cm

PPLN_sm

Type (p1-p2-sf) No data yet..
eee
jths (nm)

tnp 2 Sum freq.

m freq.)

1.0

0.8

0.6 1

0.4

0.2

0.0

No data yet..

T
0.0 0.2

T T T
0.4 0.6 0.8 10

Figure 47: Select crystal drop-down menu.
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B Parametrika

3.2.3 Interaction type

PP crystals: up-conversion

Uniaxial crystals. In the interaction type, the notations are in the following Crystal Type (p1-p2-51) No data yet..
order: pump l-pump 2-sum frequency, e.g. ooe means that buth pump waves PPLN_cm
are ordinary waves and sum frequency wave is extraordinary wave. Wavelen
List of interaction types for uniaxial crystals (Fig. 48): Pump 1 Pur
® cee
Draw (s
® oo0€
® 0co
0.8 1
® €00
0.6
0.4 4
0.2 1
0.0 . . r . No data yet..
0.0 0.2 0.4 0.6 0.8 1.0

Figure 48: Select type drop-down menu. Uniaxial crystals.
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3 MODULE PP CRYSTALS

3.2 Module Up-conversion

Biazial crystals. In the interaction type, the notations are in the following

order: pump l-pump 2-sum frequency. For example, the interaction type ZZZ

means, that the refractive indices of all three interacting waves are the principal
refractive indices n, (A, T').
List of the interaction types in biaxial crystals (Fig. :

YAV

YZY
YYZ
XZX
XXZ

47

M Parametriks

Crystal
PPKTP

Wavelen

Pump 1 Purjs

1000.0 Yy

YYZ

Draw (s

0.6 4

0.4

0.2 4

0.0

PP crystals: up-c

Type (p1-p2-sf)
77

ZZZ

XZX

XXZ

T T
0.0 0.2 0.4

T
0.6

T
0.8

1.0

No data yet..

No data yet..

Figure 49: Select type drop-down menu. Biaxial crystals.
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3.2 Module Up-conversion

3.2.4 Pump wavelengths

Pump wavelengths should be provided in Pump I and Pump 2 edit boxes,
respectively (Fig. [50).

48

B Parametrika

Crystal

PPKTP

Pump 1

1000.0 1000.0 500.0

Type (p1-p2-sf) No data yet..

277
Wavelengths (nm)

Pump 2 Sum freq.

Draw (sum freq.)

10

0.8

0.6

0.4

0.2

0.0

No data yet..

0.0

0.2

0.4 0.6 0.8 1.0

Figure 50: Pump I and Pump 2 edit boxes.



3 MODULE PP CRYSTALS

3.2 Module Up-conversion

3.2.5 Run!

e Choose input parameters and press Draw (sum freq.) button (Fig. .

e The Pump 1 and Pump 2 boxes should be filled before pressing Draw
(sum freq.) button.
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B rarametrika

PP crystals: up-conversion

Crystal Type (p1-p2-sf) PPLN_cm, eee, lambdal =1000.0 nm, T=300 K
A(nm) | A (um)

PPLN_cm eee 57143
) 56338
Wavelengths (nm) 555.56 |

Pump 1 Pump 2 Sum freq. ;;32 :

1000.0 000.0 500.0 533.33|
526.32 |

. 519.48

Draw (sum freq.) 512.82 }

506.33 |
PPLN_cm, eee, A; =1000.0 nm, T=300 K zgggg‘

575 =2l
487.80|
48193
550 476.19|
470.59 |
—_ 465.12|
£ 525 459.77 |
£ 45455
449.44

2 500 |

475 c/v:

c/u:

861
8.22
7.86
7.51
719
6.88
6.59
6.31
6.05

lambda (nm):

450 GVD (fs"2/mm):

1000.00, 1000.00, 500.00
2160, 2160, 2249
2220, 2220, 2513

26272, 26272, 863.05

4 6 8
A (pm)

Drawn!

Figure 51: Run the calculations.
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3.2 Module Up-conversion

e If the calculations are successful the A3(A) graph is drawn by the red line

1, Fig. The black dot corresponds to the input data.
e The output data is presented in the output box 2, Fig.

e Information is also presented in the information box 3, Fig.

Crystal Type (p1-p2-sf) PPLN_cm, eee, lambdal =1000.0 nm, T=300 K
A (nm) | A (um) 2
PPLN_cm eee 571.43| 861
Wavelengths (nm)
Pump 1 Pump 2 Sum freq .
1000.0 000.0 500.0 .
Draw (sum freq.) 6:05
5.81
PPLN_cm, eee, A7 =1000.0 nm, T=300 K ggggg I gg
575 L &
487.80| 5.14
1 481.93| 4.94
550 476.19| 475
470.59| 4.57
—_ 465.12| 4.40
£ 525 459.77| 4.23
= 454.55| 4.08
449.44| 3.93
o 500 |
lambda (nm):  1000.00, 1000.00, 500.00
475 Y 2160, 2160, 2.249
c/u: 2220, 2220, 2513
450 GVD (fs*2/mm): 262.72, 262.72, 863.05
4 6 8 ;
A (um) Dravint 3

B Parametrika

PPc

ry:

up-conve

50

Figure 52: A3(A) graph and output data.
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3.2 Module Up-conversion

3.2.6 Output

e Output data is presented in the output window, Fig.

e The data of A3(A) graph is presented in the output window, Fig. It
can be copied and pasted in MS Excel data sheet. In Excel, check the left
column and perform Data — Text to Columns.

e The dispersion parameters are shown in the output window, Fig.

— ¢/v: refractive index.
— ¢/u: fraction of speed of light to the group velocity.

— GVD: group velocity dispersion coefficient.

51

M Parametrika

Crystal Type (p1-p2-sf)

PPLN_cm eee

Wavelengths (nm)

Pump 1 Pump 2 Sum freq

575
550
E 525
£
<& 500
475

450

Draw (sum freq.)

PPLN_cm, eee, Ay =1000.0 nm, T=300 K

4 6 8
A (um)

PPLN_cm, eee, lambdal =1000.0 nm, T=300 K
A (nm) | A (pm)
571.43| 8.61
563.38| 8.22
555.56| 7.86
547.95| 7.51
540.54| 7.19
533.33| 6.88
526.32| 6.59
519.48| 6.31
512.82| 6.05
506.33| 5.81
500.00| 5.57
493.83| 5.35
487.80| 5.14
481.93| 4.94
476.19| 475
470.59| 4.57
465.12| 4.40
459.77| 4.23
454.55| 4.08
449.44| 393

lambda (nm): ~ 1000.00, 1000.00, 500.00
c/v: 2160, 2160, 2.249
c/u: 2.220, 2220, 2513
GVD (fs"2/mm): 262.72, 262.72, 863.05

Drawn!

Figure 53: Output data.



4 WHAT’S INSIDE? FORMULAS

4.1 Bulk crystals. Down-conversion

4 What’s inside? Formulas

4.1 Bulk crystals. Down-conversion
4.1.1 Notations

e Indices 1,2,3 stand for signal, idler and pump waves, respectively.
e n,(A) and n.(A) are the principle refractive indices of the uniaxial crystal.

o ng(N), ny(A) and n.(X) are the principle refractive indices of the biaxial
crystal.

e 0 and ¢ are the Euler angles.

4.1.2 Phase-matching
Uniaxial crystal. Collinear phase-matching
Type ooe

The phase-matching angle 6, = 63 is found solving the following equation
numerically:

2k1ks(03) + (k3 — k3(03) — ki) =0, (11)
where ©
k1 = no/gi\l), ke = no§22)7 k3(03) = i (;\5’93) (12)
and
1 _ cos?(f3)  sin?(fs) (13)
W0, 0F ~ m20s) | 020)

Type oee
The phase-matching angle ¢, = 03 is found solving the following equation
numerically:

2k1k3(03) + (k3 (03) — k3(03) — k%) =0, (14)
where
(A n(&)(\y, 0 n(e) (N3, 0:
k= ( 1)7 ko (63) = M7 ks (03) = M (15)
A1 A2 A3
and ) =
1 - C(';s (03) n 51211 (93)' (16)
() (N23,03)]2  n2(Ag3)  nZ(A23)
Type eoe

The phase-matching angle 6, = 63 is found solving the following equation
numerically:

2k1(03)ks(03) + (k3 — k3 (03) — ki(0)) =0, (17)
where
(e)/\,e o(A (e)/\,Q
(o) = ") g o) ) 00l
1 2 3
and
1  cos?(03) . sin®(f3) (19)
(€ (A13,03)]2  n2(A13)  n2(Ai3)

Types eeo, eoo, oeo
These types of phase-matching are not calculated since all the crystals in
the list are negative: ne < n,.
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4 WHAT’S INSIDE? FORMULAS

4.1 Bulk crystals. Down-conversion

Uniaxial crystal. Noncollinear phase-matching

z

-

Figure 54: Signal wave cone (red) in the case of noncollinear interaction in the
uniaxial crystal. Blue line notes possible directions of the pump wave.

e Euler angles 05 and 3 are given (taken from inputs Theta and Phi).

e Define = n/2 — 0s.

53

e Involve into consideration angle v, that is varied from 0 to 27, that will

give a ring-type profiles of the signal and idler waves at the output, Fig.
b4l

e The goal is to obtain the series of angles (01,¢1), (02,02).

Type ooe
First, calculate the noncolinear angle @ between the pump and signal waves:

K3 — k3(0s) — k?)

2]€1]€3(93)
k1, ko and k3(f3) are found from Eq. . Then, for each v find signal wave
angle 61:

o = — arccos ( (20)

61 = arccos (cos(a) sin(B) + sin(a) cos(7y) cos(B)) .

Find signal wave angle ¢q:

(21)

o1 = + arccos cos(a) cos(f) —.Sm(a) cos(y) sin(p) . (22)
sin(61)
Find idler wave angle 65:
0, — arccos (k3(93) cos(f3) — ky cos(91)> . (23)
ko
Find idler wave angle (o:
0o = arcsin kg (93) sin(03) sm(gag) — kl sin(@l) sin(g&l) ) (24)
ko sin(fs)



4 WHAT’S INSIDE? FORMULAS

4.1 Bulk crystals. Down-conversion

Type eoe
First, define the noncollinear angle between the signal and pump waves

a(@l):

180 —0)), o

a(6;) =~ arccos (— 2F1 (01)Fs (05)

k1(61), ko and ks(03) are found from Eq. (I8). Then, numericaly calculate
signal wave angle 6; for each v from the equation:

cos(61) = cos(a(61)) sin(B) + sin(e(61)) cos(7) cos(B). (26)
Find signal wave angle o1 :
o1 = + arccos (COS(a(el)) cos(f) ;Zi(lz(j(%)) cos(v) sin(6)> s (D)
Find idler wave angle 6;:
0, — arccos <k3(03) cos(6s) k—z k1 (61) cos(91)> | (28)
Find idler wave angle y:
o, — aresin (kg(eg) sin(63) sin(;,:;;)s i;(/;; gal) sin(6;) sin(gol)) )

Type oee
First, define the noncollinear angle between the idler and pump waves a.(62):

i 80) 0

2k2(02)k3(03) (30)

a(fy) = — arccos (—

k1, ka(62) and ks(03) are found from Eq. (I5). Then, numericaly calculate
idler wave angle 6 for each ~ from the equation:

cos(f2) = cos(a(f2)) sin(3) + sin((62)) cos(y) cos(B). (31)
Find idler wave angle s
g = + arccos (COS(a(Hz))COS(ﬁ) 2121(1;(20)4(92))008(7) sin(ﬂ)) by (32)
Find signal wave angle 0;:
0, — arccos <k3(93) cos(f3) k—l ko (62) cos(02)) . (33)
Find signal wave angle ¢
o1 — arcsin ( ks (63) sin(63) sin(ifl in(i;ig%) sin(fy) sin(apg)) e

Types eeo, eoo, oeo
These types of phase-matching are not calculated since all the crystals in
the list are negative: n., < n,.
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4.1 Bulk crystals. Down-conversion

Biaxial crystal. Collinear phase-matching
For three different planes, we label the refractive indices n,(A), n.(A) and
np(A) as follows:

¢ XY plane. n,(\)
e XZ plane. n,(\)
e YZ plane. n,()\)

Type ooe
The phase-matching angle 6, = 603 is found solving the following equation
numerically:

2k1ks(03) + (k3 — k3(03) — ki) =0, (35)
where (W) (h2) © (g, 0)
_np )\1 _np )\2 _ne )\3,(93
k1 = Y ka = N ks(03) = " (36)
and
1 _cos?(63)  sin®(63) (37)
(X3, 605)]2  n2(xa)  n2(A3)
Type oee

The phase-matching angle ¢, = 03 is found solving the following equation
numerically:

2k1k3(03) + (k3(03) — k3(03) — ki) =0, (38)
where
1, (A n(® (g, 6 n(e) (s, 0
ki = d 1), k2(03) = (A2 6s) 3), k3(03) = n (s, 0) (39)
A1 A2 A3

and

1  cos®(03)

) (A23,03)]2  n2(Aa2,3)

sin?(63)
nZ(A2;3)

(40)

Type eoe
The phase-matching angle 6, = 03 is found solving the following equation
numerically:

2k1(03)ks(03) + (k5 — k3 (03) — k7(03)) = 0, (41)

where

(e) (e)
b (0y) = ")y, 1) gy 00D )
1 2 3
and
1 _ cos?(03) | sin®(63) (43)
@ (A13,03)]2  nd(Az)  nZ(Aiz)
Type eeo

The phase-matching angle ¢, = 60 is found solving the following equation
numerically:

2k (0p)ks + (k3(0,) — k3 — k¥(0,)) = 0, (44)
where
©)(\1,0 ©)(Xa, 0 A
k() = - ()\1 p)7 k2 (0p) = : (,\2 p>’ - ”p/(\ 2 (45)
1 2 3
and
1  cos?(0,)  sin®(6,) (46)
D (A2,0,)]2  n3(A2)  nZ(Ai2)
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4.1 Bulk crystals. Down-conversion

Type eoo
The phase-matching angle ¢, = 6; is found solving the following equation
numerically:

2k (ep)k??» + (kg - k?% - k%(ap)) =0, (47)
where ©(\,6,) (2) ()
n'¢ )\1,9p Np )\2 Np )\3
- = = 4
kl(ep) )\1 ? k2 )\2 ? ks )\3 ( 8)
and
1 _ cos2(6,) | sin®(6,) (49)
(A, 0p)12  n2(A)  n2(h)
Type oeo

The phase-matching angle 6, = 65 is found solving the following equation
numerically:

2k1ks + (k3(6,) — k3 — k3) =0, (50)
where ©
_ np(A1) _ne (A2,6,) _ np(A3)
kl - )\1 9 kQ(GP) - )\2 ’ - )\3 (51)
and
1 _ cos?(6,) | sin®(6,) (52)
[ (Ne, 0p)12  n2(N2)  nZ(Xa)
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Biaxial crystal. Noncollinear phase-matching
First, convert the input Euler angles Theta and Phi to angle 0, by the
following rules:

e XY plane. 0, takes the Phi value.
e XZ plane. 6, takes the Theta value.
e YZ plane. 0, takes the Theta value.

Goal: calculate phase-matching angles 0,1, 0,2 and 6,3 for signal, idler and
pump waves, respectively. Then, convert them to the propagation angles by
the following rule:

e XY plane. 0123 =7, v123 = Op123.

o XZ plane. 01,23 =0p1,23, p1,23 =0.

* YZ plane. 0123 = 0,123, p123= 5.

For three different planes, we label the refractive indices n,(\), n.(A) and
ny(A) as follows:

¢ XY plane. n,(\)

ny()‘)v Ne (>‘)
Nz (N), ne(N\)

nz(A); np(A) = 12 ().
n:(A), 1p(A) = ny(A).

e XZ plane. n,(\)

e YZ plane. n,(\) = ny(A), ne(A)

nz(A); np(A) = ng(A).

To make the notations shorter, we write ne; instead of n.(A1) and so on.

Type ooe



4 WHAT’S INSIDE? FORMULAS 4.1 Bulk crystals. Down-conversion

The noncollinear angles a; and ay are found from the equations: The noncollinear angle «; is found numerically from the equation:
2 2 2
(1] = 8TCCos (_ k'g - k3 (Hp) - kl) : (53) 2k1(0p + Oél)kg(@p) COS(Oél) + k% — ]Cg(@p) — kf(ﬁp + Oq) =0. (59)
2k1ks(6)p)

Find 0,, = 0, 4+ o1. Then, calculate noncollinear angle o:

kY — k3(0p) — k3
2 e < 2kaks3(0)) > ’ &9 Qg = — arccos (— K (0p1) ~ K3(0,) - k‘%) . (60)
where k1, ko and k3(6,) are found from Eq. . 2o (0p)
Calculate the output angles: Here, k1(0p1), k2 and k3(6,) are found from Eq. (42).
Calculate the output angles:
9p1 = 9p + o, 9p2 = 9p + aa, 9p3 = 91). (55)
9;,,1 = Op + aq, epg = 9p + aa, 9p3 = Hp. (61)

Type oee
The noncollinear angle asis found numerically from the equation: Type eeo

Find noncollinear angle oy between wavvectors k; and ks from the equation:
ks (0, + )k (0,) cos(an) + k2 — k2(0,) — k2(0, + an) = 0. (56) gem ! 3 d

— _ f— 2
Find 6,2 = 0, + as. Then, calculate noncollinear angle a;: Fa0p = aza(en)) = k2w (01) =0, (62)
here
k2(0,0) — k2(0,) — k2 A
Q] = — arccos (— 2(0p2) — k3 (0) 1) ) (57) k3, (o) = k3 (0, + a1) + k3 — 2k1 (0, + o) ks cos(aq) (63)
2k1ks(6p)

and «s, is found from
Here, k1, ka(6p2) and k3(6,) are found from Eq. .
Calculate the output angles: kog (1) cos(aey) + k1(6p + a1) cos(ag) = ks. (64)

Op1 = 0p 4+ 0, Op2 =0, + 2, Op3 =16,. (58) We use Eq. to calculate ki (61), k2(02) and k3.
Calculate the output angles:

Type eoe Op1 =0y + a1, Op2 =0, — az(0n), Opz = 0. (65)
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4.1 Bulk crystals. Down-conversion

Type eoo
Find noncollinear angle a;; between wavvectors k; and kg from the equation:
k2 - kZI (al) = Oa (66)
where
k%m(al) = k%(é)p +aq)+ kg — 2k1(0p + 1) ks cos(aq) (67)
and further as, is found from
oy (1) cos(az) + k1(0p + 1) cos(a) = k. (68)
We use Eq. to calculate k1 (61), ko and ks.
Calculate the output angles:
9;01 . 91) + o, 0],2 = 9;,; — O(gx(al), 9p3 = Gp. (69)

Type oeo
Find noncollinear angle as between wavvectors ko and ks from the equation:
kl — klx(ag) = 0, (70)
where
k3 (ag) = k%(ﬁp + o) + k3 — 2k2(0, + a2)ks cos(az) (71)
and further oy, is found from
k’lx(()ég) COS(Oélx) + kg(ep + 02) COS(CY2) = k3. (72)
We use Eq. to calculate kq, ko(62) and ks.
Calculate the output angles:
Gpl = Gp - alw(ag), 9p2 = 9p + aa, epg = 91,. (73)

4.1.3 Gain band

Gain band formulas:

ﬁnhQ(VQ§L)

P=1+T12 , B>0. (74)
ﬁnQ(sﬁfﬂL)
P=14T?—>—— 72 B<0 (75)
|B|
Here, L is the crystal length,
F:s/0'10'2a0 (76)
and )
B:FZ—AWWLAk:ky—h—kmkzagﬁ. (77)
Nonlinear interaction coefficients:
de
01,2 = W1,2 C?’Lffg (78)
Pump amplitude:
21
= ) 79
@0 (%150 ( )
g is the vacuum parmittivity. Intensity:
1= pivin? 80
TR (80)

FE is the energy, 7 is the pulse duration and p is the beam radius. Gaussian
profiles are assumed.
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4.2 Bulk crystals. Up-conversion

4.2 Bulk crystals. Up-conversion
4.2.1 Notations

e Indices 1,2,3 stand for pump 1, pump 2 and sum frequency waves, respec-
tively.

no(A) and n. () are the principle refractive indices of the uniaxial crystal.

ng(A), ny(A) and n,(A) are the principle refractive indices of the biaxial
crystal.

0 and ¢ are the Euler angles.

« is a tilt angle between pump 1 and pump 2 waves.

4.2.2 Phase-matching

Uniaxial crystal. Collinear phase-matching

Equations 7 are utilized to calculate the collinear phase-matching in
uniaxial crystal.

Uniaxial crystal. Noncollinear phase-matching

e Euler angle #; and tilt angle a are given.

e Angle @3 is calculated at the maximum d.y; value for collinear phase-
matching at given wavelengths.

e The goal is to find the remaining Euler angles: ¢1, 02, w2 and 63.
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To make the notations shorter, we write n.; instead of n.(A1) and so on.
Type ooe
First, calculate the wavenumber k3(63) from the formula:

k3(03) = ki + k3 + 2k1 ko cos(a). (81)
k1 and ko are found from Eq. . Then, find angle #3 from:
l/n(e)2 —1/n?
2(0.) — 3 3 9
os” (fs) 1/nZs —1/nZy "’ (82)
where ni(;‘) = k3(03)As.
Calculate 65:
ks3(0 03) — k 0
5 = arccos < 3(0s) cos(Ba) = b cos( 1)) . (83)
)
Find angle difference Ap; = p3 — ¢1:
cos(Apy) = lkg(ed) sin?(03) + k% sin?(61) — k3 sin®(6,) (84)

2 k‘lkg (93) Sin(01) sin(93)
Then, calculate ¢1 = @3 — Ap;. Next, find angle difference Apy = o — p3:

B 1k§(93) sin?(03) + k3 sin?(0y) — k7 sin®(6;)

A = 85
cos(Apz) = 35 Kok (03) sin(6s) sin(fs) (85)
Then, calculate ps = w3 + Agp,.
Type eoe
First, calculate the wavenumber k3(63) from the formula:
k3(03) = k2(01) + k3 + 2k1 (01)k2 cos(a). (86)
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4.2 Bulk crystals. Up-conversion

k1(01) and ko are found from Eq. . Then, calculate 83 from Eq. (82]).
Calculate 65:

02 — arccos <k’3(93) COS(03) — kl (91) COS(@l)) ' (87)
)
Find angle difference Ap; = p3 — ¢1:
cos(Apy) = 1 k3(05) sin®(05) + k7 (01) sin®(01) — k3 sin2(02). (88)

2 kl (91)k3(93) sin(91) sin(93)
Then, calculate ¢1 = 3 — Ap;. Next, find angle difference Ay = po — p3:

1 k2(03) sin?(03) + k3 sin?(02) — k3(6,) sin®(6,)

Aps) = . 89
cos(Ag2) =5 Kok (03) sin(6s) sin(0s) (89)
Then, calculate pg = w3 + Agps.
Type oee
Find angle 05 solving numerically equation:
ka(62) cos(02) — (k3(f3) cos(f3) — k1 cos(61)) = 0, (90)
where k1 and ks (63) are found from Eq. . Here,
(e)2 2
1/ny’" —1
cos?(f3) = M, (91)
1/”03 - 1/”63
n:(f) == k:3(93))\3 and
k3(03) = k7 + k3(02) + 2k1k2(62) cos(a). (92)

Find 05 and then, from Egs. (91}f92]) 6.

Find angle difference Ap; = p3 — ¢1:
1k3(63) sin?(03) + k¥ sin?(0;) — k2(62) sin®(6z)
2 kll{ig (93) sin(@l) sin(03)

cos(Ayy) = . (93)

Then, calculate 1 = w3 — Apy. Next, find angle difference Agps = o — p3:

1/{%(03) sin?(03) + k3(62) sin®(f2) — k7 sin®(6;)

cos(Apy) = 5 ko (02)k3(03) sin(fy) sin(63)

(94)

Then, calculate pg = w3 + Agps.

Uniaxial crystals. Types eeo, eoo, oeo

These types of phase-matching are not calculated since all the crystals in
the list are negative: n. < n,.

Biaxial crystal. Collinear phase-matching
Equations 7 are utilized to calculate the collinear phase-matching in
biaxial crystal.

Biaxial crystal. Noncollinear phase-matching

In the case of up-conversion in the biaxial crystal, only the tilt angle a =
02 — 0p1 between the pump 1 and pump 2 waves is taken. In different planes,
the angle 0, is treated as follows:

e XY plane. 6, is the Euler angle ¢.
e XZ plane. 0, is the Euler angle 6.

e YZ plane. 0, is the Euler angle 6.
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4.2 Bulk crystals. Up-conversion

Goal: calculate phase-matching angles 0,1, 0,2 and 6,3 for signal, idler and
pump waves, respectively. Then, convert them to the propagation angles by
the following rule:

e XY plane. 61235 =7, ¢123 = Op1,23.
e XZ plane. 0123 = 0,123, ¢123 =0.
e YZ plane. 0123 = 0,123, 123 = 5.

For three different planes, we label the refractive indices n,(A), n.(A) and
np(A) as follows:

e XY plane. n,(A) = ny(A), ne(A) = ng(A), np(A) =n.(A).

e XZ plane. n,(A) = ng(A), ne(A) = nz(A), np(A) = ny(N).
ny(A)a ne()‘)

To make the notations shorter, we write ne; instead of n.(A;) and so on.
Type ooe
First, calculate k3(6p3) from

e YZ plane. n,()\) nz(A), np(A) = ng(A).

ks (0p3) = (k2 + k2 + 2k ks cos(a)) '/, (95)

where k; and ko are calculated from Eq. . Then, find 6,3 from

1/n(e)2 —1/n?
0052(0 )= s S A (96)
’ 1/”33 - 1/”@3

where née) = k3(0p3)A3.

61

Nest, note x = cos(6p1) and solve quadratic equation:
ar’ +br+c=0,

where
a=k;3(0p3),
b= —2k3(0p3) cos(0p3) (k1 + ka2 cos(a)),
¢ = k3 (0p3) cos®(03) — k3 sin’(a).
We take solution of Eq. (97):

—b+Vb? — dac

cos(bp1) = 5

calculate 6,; and then, 6,,:
GPQ = 9;01 —+ .

Type oee
First, find 6,2 solving numerically the equation:

ko (6p2) cos(0p2) — [k3(Op3) cos(Ops) — k1 cos(bp2 — a)] = 0,

where k1 = n,(A1)/A1,

g9 = |
(cos?(Bp2)/n2y + sin®(0,2)/n?,) v

ks (03) = (k2 + k2(6p2) + 2k ko (Bs) cos(a))'

(98)
(99)
(100)

(101)

(102)

(103)

(104)

(105)

(106)
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4.2 Bulk crystals. Up-conversion

and 6,3 is a function of 6,:

1/(>\3k3(9p3))2 - 1/“?3
1/”33 - 1/”53 .

cos?(0,p3) =

Calculate 0,2, then express 6,3 from Eq. (107). Finally, find 6,;:

0,,1 = 91,2 — Q.

Type eoe
First, find 6,1 solving numerically the equation:

k1(0p1) cos(Op1) — [k3(0p3) cos(fps) — ko cos(Op1 + a)] =0,

where ko = n,(A2)/A2,

. ~1/2
n{® = (cos®(Gp1) /noy + sin®(6p1) /n2;) / ’

k() = (K2(0p1) + k2 + 2Ky (01 )z cos())

and 0,3 is a function of 0)p;:

Asks(0p3))® — 1/n2;

1/(
cos? (Op3) = nZ, — T,

Calculate 6,1, then express 6,3 from Eq. (113). Finally, find 8ps:

9;,2 = Gpl —+ «.

Type eeo

(107)

(108)

(109)

(110)
(111)

(112)

(113)

(114)
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First, find 6, solving numerically the equation:

K2 — [ (0p1) + K3(0p1 + @) + 201 (612 (6,1 + ) cos(a)] =

where
)
k1(0,1) = —
1( pl) )\1 )
e . —1/2
n{) = (cos(O1) /2y + sin®(01) /ry) "
and ©
e
n
ko(0,0) = —2—
2( P2) )\2 9
(e) _ 2 2 ) 9 \—1/2
ny” = (cos®(Op1 + a) /ngy +sin’(Op1 + @) /ngy)
Find 6,1, then calculate 0,2 = 8,1 + . Finally, find 6p3:
0p3 — arccos <k1 (Gpl) cos(ﬂpl) ];F kg (ng) COS(9p2)> :
3

where k3 = n,(A3)/As.
Type eoo
First, find 6, solving numerically the equation:

k3 — [k7(0p1) + k3 + 2k1(0,1)k2] =0,

Where k‘Q = np()\g)/)\g, k‘g = np()\g,)/)\g,

0, (115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)
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4.2 Bulk crystals. Up-conversion

e . —1/2
n{? = (cos®(0p1) /3y +sin(0,1) /n%) "2,
Find 0,1, then calculate 0p2 = 0,1 + «. Finally, find 0,3:

0p3 = arccos ( ?
3

Type oeo
First, find 6,1 solving numerically the equation:

k’g’ — [k’% + k‘%(ﬁpl + Oé) + 2](51]@’2(01,1 =+ Oé)] =0,

where ki1 = n,(A1)/ A1, ks =np(A3)/As,

e i e
nS? = (cos?(By2) /nZy + sin® (6y) /ny) ",

Find 6,,, then calculate 6,2 = 6,1 + «. Finally, find 6,3:

0,3 = arccos ( i
3

k1(0p1) cos(0p1) + ko cos(9p2)) .

k1 cos(6p1) + k2(6p2) cos(0p2))

(123)

(124)

(125)

(126)

(127)

(128)
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4.3 PP crystals.

4.3 PP crystals.
4.3.1 Equations

Main equations:

ng(T) nl(T) TLQ(T) 1
_ — = 12
A3 A1 A2 A (129)
and 1 1 L

4.3.2 Notations. Down-conversion

e Indices 1,2,3 stand for signal, idler and pump waves, respectively.

A is the grating period.

no(A,T) and ne(\, T) are the temperature-dependent principle refractive
indices of the uniaxial crystal.

ng(A,T), ny(A, T) and n, (A, T) are the temperature-dependent principle
refractive indices of the biaxial crystal.

The meaning of n1(T"), n2(T") and n3(T) in Eq. (129) depends on the
interaction type.

4.3.3 Quasi-phasematching. Down-conversion

e Temperature T and pump wavelength A3 are given.

From (129) and (130) equations one calculates either A\; when A is given
or A when \; is provided.

From (129) and (130) equations one also calculates A1 (T) dependence
when A is given.
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4.3.4 Notations. Up-conversion

e Indices 1,2,3 stand for pump 1, pump 2 and sum frequency waves, respec-

tively.
A is the grating period.

no(A\, T) and n.(A, T) are the temperature-dependent principle refractive
indices of the uniaxial crystal.

Ny (A, T), ny(A,T) and n, (A, T) are the temperature-dependent principle
refractive indices of the biaxial crystal.

The meaning of ny(T), no(T) and nz(T) in Eq. (129) depends on the
interaction type.

4.3.5 Quasi-phasematching. Up-conversion

Temperature T' = 300 K.
e Pump wavelengths A\; and Ao are given.
From (129) and (130) equations one calculates A and 3.

Fixing A; and varying A, one calculates A for each As. As a result, Az(A)
dependence is obtained.
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4.3.6 Interaction types 4.4 Dispersion parameters
Uniaxial crystals ¢/v: refractive index n

o Type eee. n1(T) = ne (M, T), n2(T) = ne(Aa, T), 13(T) = ne(As, T). e Sellmeier equations from [I] were utilised.

e The refractive index n formulas for any type of interaction are given in

Section [£.1.2
c¢/u: fraction of speed of light to the group velocity

T)=n A171_‘ 3 n2(T =n ()‘QaT)v ’I’L3(T) =n ()\37T) 2 2
‘ ° ° €Ak o 2 (131)

u dw A w
G VD: group velocity dispersion coefficient g

e Type ooe. n; =n,(A2,T), ng(T) = ne(A3,T).

e Type oeo. n; =ne(A2, T), n3(T) = no(A3, T).

S
I
S
8}
>
it
N
3
[\~
—~
S

e Type eoo. n;

Biaxial crystals

d’k 2mn 27c
g= k=" A= (132)
o Type YZY. ni(T) = ny(AM,T), n2(T) = n. (A2, T), n3(T) = ny (A3, T). dw A w
walk-off : the walk of angle  (for Bullk Crystals only).
e Type YYZ. ni(T) = ny(A1,T), na(T) = ny(X2,T), n3(T) = n(A3, T). For extraordinary wave:
e Type XZX. nm (T) = nm()\l,T)a nZ(T) = nz()\%T)? TL3(T) = nz()‘BvT)' tan(9p)(n2 — ’I’LQ) ( )
B = arctan ( ° = ) . 133
o Type XXZ. ny(T) = ng(M,T), n2(T) = na(ha, T), n3(T) = n.(As, T). nZ + n2tan®(0,)

e uniaxial crystal: 6, is the Euler angle 6.

e biaxial crystal: in XY plane 0, is the Euler angle ¢. In XZ and YZ planes
0, is the Euler angle 6.

For ordinary wave:

g =0. (134)
dess: the effective nonlinear susceptibility (for Bullk Crystals only).
For each crystal, the formulas were taken from [I].

65



5 EDIT CRYSTALS’ DATABASE

5 Edit crystals’ database L - o ox

GO Back Reset DB Remove crystal Save as a new crystal

e Click Edit Database in either Bulk Crystals or PP Crystals module, see
Figs. [2] and [3] respectively.

Choose Crystal to Edit or Remove: Choose a crystal

New Crystal Name

e The menu window will be opened, Fig.
e Button GO Back returns to the previous window.

e Button Reset DB resets the database. All user-defined crystal are re-
moved, only crystals from the main list remain. Crystals’ main list is
described in this tutorial. After clicking Reset DB button you will be
asked one more time if you are sure to do this. It is recommended to
restart the program after the reset of the database.

Figure 55: Edit Database menu window.
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e The user is allowed to put in a new crystal on the base of an existing [ — 0 x
CryStal~ GO Back Reset DB Remove crystal Save as a new crystal
e Choose a crystal to edit or remove from the list by clicking Choose crystal, Choose Crystal to Edit o Remove: Choose a crystal
Flg New Crystal Name: o

BBO

GaSe

KDP

KTP

LBO

LN

Figure 56: Crystals list drop-down menu. Bulk crystals module.
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Let’s choose BBO crystal. Items to edit will appear, Fig,

One may choose a new crystal name. If one chooses an existing name, no
changes will be applied.

A1 and A\jp are the limit wavelengths in the transparency range.

Formulas for refractive index and other items are written in Python lan-
guage. Use np.sin(*) and np.cos(*) for sin(x) and cos(x) functions. Use
a**n for power formula a™.

In the formulas, theta and phi denote the Euler angles 6, .

In the module PP Crystals, refractive indices of uniaxial crystals depend
both on wavelength A and temperature T'. For biaxial crystals, refractive
index formula is given at 7' = 300 K and the formulas for the derivatives
dn/dT should be provided.

Press Save as a new crystal button to save the edited crystal. Note, that
uniaxial crystal will remain uniaxial and biaxial crystal will be biaxial.

Press button Remowve crystal to remove a crystal. The crystals from the
main list cannot be deleted.
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B Parametrika

GO Back Reset DB Remove crystal Save as a new crystal

Choose Crystal to Edit or Remove

New Crystal Name:

AN [pml:

A2 [um]:

2.7359+0.01878/(11**2-0.01822)-0.01354*|1**2
no"2(A=I):

2.3753+0.01224/(11™2-0.01667)-0.01516*I1**2
ne*2(A=I):

0.04*np.sin(theta)-2.2*np.cos(theta)*np.sin(3*phi)
d_eff (Type 1)

2.2*np.cos(theta)*2*np.cos(3*phi)

d_eff (Type 2)

Figure 57: Crystal to edit: BBO. Bulk crystals module.
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