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1 OVERVIEW

1 Overview

The program Parametrika 1.2 was released in 2024. 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. 2] 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.

M Parametika - [m]

Parametrika

Bulk crystals PP Crystals

Figure 1: The main window.


https://kivy.org/

1 OVERVIEW

M Farametiiks - [m] X [ Parametiika - [m] X

Parametrika Parametrika

Edit Database

PP Crystals Edit Database

Up-conversion

Up-conversion

Down-conversion Down-conversion

Figure 2: Window of the module Bulk Crystals. 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

M rrametriks - [u] X

2.1.2 Choose wavelengths

BC DC

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

Pump

CRYSTAL

Choose crystal

Please choose a crystal.

Figure 6: Input wavelengths menu.



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.3 Nonlinear crystals e DKDP, Deuterated Potassium Dihydrogen Phosphate (uniaxial).

Choose a crystal from a list (Fig. [7)). e DLAP, Deuterated L-Arginine Phosphate Monohydrate (biaxial).
List of nonlinear crystals [II:
e GaSe, Gallium Selenide (uniaxial).
e ADP, Ammonium Dihydrogen Phosphate (uniaxial).
e GdCOB, Gadolinium Calcium Oxyborate (biaxial).
e AGS, Silver Thiogallate (uniaxial).

) ) ) o e KABO, Potassium Aluminum Borate (uniaxial).
e AGSe, Silver Gallium Selenide (uniaxial).

KBJ5, Potassi Pentaborate Tetrahydrate (biaxial). (Sellmei ti
e BABF, Barium Aluminum Fluoroborate (uniaxial). (di; and dso values * from M}o)assmm chtaborate Tebtatlydrate ( 1aX1a) (Sellmeier equations

from [2].)

KBBF, Potassi Fl 1 iaxial).
e BBO, Beta-Barium Borate (uniaxial). (Sellmeier equations from [3].) * ; Potassium Fluoroboratoberyllate (uniaxial)

e BIBO, Bismuth Triborate (biaxial). (Equal values of dcs¢) * KDP, Potassium Dihydrogen Phosphate (uniaxial).

e BNN, Barium Sodium Niobate (biaxial). e KLN, Potassium Lithium Niobate (uniaxial).

e CBO, Cesium Triborate (biaxial). e KTA, Potassium Titanyl Arsenate (biaxial).

e CDA, Cesium Dihydrogen Arsenate (uniaxial). e KTP, Potassium Titanyl Phosphate (biaxial).

e CGA4, Cadmium Germanium Arsenide (uniaxial). e LBY, Lithium Tetraborate (uniaxial).

e CLBO, Cesium Lithium Borate (uniaxial). e LBO, lithium triborate (biaxial).

e CMTC, Cadmium Mercury Thiocyanate (uniaxial). e LFM, Lithium Formate Monohydrate (biaxial).

e CTA, Cesium Titanyl Arsenate (biaxial). e LGS, Lithium Thiogallate (biaxial). (ds; and dsa values from [5].)

e (dSe, Cadmium Selenide (uniaxial). e LGSe, Lithium Gallium Selenide (biaxial). (ds; and ds2 values from [5].)
e DCDA, Deuterated Cesium Dihydrogen Arsenate (uniaxial). e LIS, Lithium Thioindate (biaxial). (Sellmeier equations from [6].)



2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

LISe, Lithium Indium Selenide (biaxial). (Sellmeier equations from [6].)
LN, Lithium Niobate (uniaxial).

LRB/, Lithium Rubidium Tetraborate (biaxial).

LiI03, Lithium Iodate (uniaxial).

MgLN, Magnesium-Oxide-Doped Lithium Niobate (uniaxial). (In [1I, n,
should be replaced by n. and vice versa.)

NbK TP, Niobium-Doped KTP (biaxial).
Proustite, Proustite (uniaxial).

RDP, Rubidium Dihydrogen Phosphate (uniaxial).
RTP, Rubidium Titanyl Phosphate (biaxial).

TAS, Thallium Arsenic Selenide (uniaxial).

Urea, Urea (uniaxial).

YCOB, Yttrium Calcium Oxyborate (biaxial).
ZGP, Zinc Germanium Phosphide (uniaxial).
aHIO3, a—Todic Acid (biaxial).

M Parametrika — [u] x

BCDC

WAVELENGTHS (nm)

Pump

Signal

Idler

CRYSTAL

Choose crystal

Figure 7: Select crystal drop-down menu.



2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

The collinear interaction will be calculated.

Then, press NEXT in order to see the window of noncollinear interaction

(Fig. [8).

10

M Porametrika - [m] X

WAVELENGTHS (nm)

Pump

Signal

Idler

Idler wavelength calculated.
Crystal: BBO
Crystal: BBO, Type (s-i-p): ooe.

theta (deg): 22.833, phi (deg): 90.0

deff (pm/V):  2.04

lambda (nm):  1064.00, 1064.00, 532.00
c/vi 1,654,  1.654, 1.654
c/u 1674, 1.674 1.700
GVD (fs"2/mm): 4178, 41.78, 128.91
walk-off (mrad): 0.00, 0.00, 5565

Crystal: BBO, Type (s-i-p): oee.
theta (deg): 32442, phi (deg): 0.0
1.57

deff (pm/V):

lambda (nm): 1064.00, 1064.00, 532.00
c/v: 1.654, 1.620, 1.637
c/u 1674, 1.636, 1.680

GVD (fs"2/mm): 4178, 41.37, 123.16
walk-off (mrad): 000, 6539, 6893

Figure 8: Press NEXT.



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

M Parsmetriks - [u] x

2.1.4 Interaction type

Back Nongollinear BC DC NEXT

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.

There are six possible interaction types:

® oo0€
® oce
® coe
® eco
® €00 Collinear phase-matching calculated. Rotate the crystal for noncollinear interaction
Crystal: BBO, Type (s-i-p): ooe.
theta (deg): 22.833, phi (deg):  90.0
® 0€e0 deff (pm/V):  2.04
lambda (nm): ~ 1064.00, 1064.00, 532.00
c/v: 1654, 1654 1.654
. . . . . . c/u: 1674, 1674, 1700
<SS S GVD (fs"2/r : 4178, 4178 12891
Only possible interaction types will be available (Fig. @ Ry AL oL T

Figure 9: Select type drop-down menu.

11



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.5 Interaction plane B roomeia E—

Back Noencollinear BC DC NEXT

For biaxial crystals, the plane bar is activated. List of planes:

e XY

o X7
o Y7
Only possible planes will be available (Fig. :

THETA and PHI (deg)

2451

Collinear phase-matching calculated. Rotate the crystal for noncollinear interaction
Crystal: KTP, Plane: XY, Type (s-i-p): oee.

theta (deg): 90.000, phi (deg):  24.5
deff (pm/V):  3.44

lambda (nm):  1064.00, 1064.00, 532.00
chv: 1829, 1744, 1787
o/u: 1872, 1775, 1.909
GVD (fs"2/mm): 17151, 124.26, 415.69
walkoff (mrad): 0.0, 328, 457

Figure 10: Select plane drop-down menu.

12



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, z axis is the optical axis. Then, principal refractive indices
Ng =Ny =N, and N, = ne.

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

nz Y

C X

X

S

Figure 11: Left: Euler angles 6 and ¢ (Theta and Phi) in the Cartesian coor-
diante system x, y, z. Right: coordinate system for uniaxial crystal.

13



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.7 Calculate noncollinear interaction B .

Noncollinear BC DC

e To calculate the noncollinear interaction, either change the Euler angles
in the Edit boxes or rotate the cube on the screen, Fig.

e In the biaxial crystals, the rotation only in one plane is allowed.

TYPE (s-p)

ooe

THETA and PHI (deg)

Noncollinear phase-matching calculated.

Crystal: BBO, Type (s-+p): ooe.

deff (pm/V): 1.88

lambda (nm): ~ 800.00, 1588.06, 532.00
Green-asterix pair:

theta (deg): 26180, 44.081, 32120
phi (deg): 90.000, 90.000, 90.000
o/v: 1660, 1.646, 1.638
o/u: 1.684, 1672 1.681
GVD (fs*2/mm): 7544, -31.71, 123.36

Figure 12: Rotate the cube.

14



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

M Parametrica - o X

e To change the pair of interacting signal and idler waves, move the slider.

Noncollinear BC DC

THETA and PHI (deg)

Noncollinear phase-matching calculated.

Crystal: BBO, Type (s--p): 00e:
deff (pm/V): 1.88

lambda (nm): ~ 800.00, 1588.06, 532.00
Green-asterix pair:

theta (deg): 29.553, 39.335 32.120
phi (deg): 100.469, 73.552, 90.000
/v 1.660, 1.646, 1638
o/u: 1.684, 1672, 1681
GVD (fs"2/mm):  75.44, 3171, 12336

Figure 13: Move the slider.

15



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

M Parametrika

e Dispersion parameters for all three interacting waves are shown in the -
output box 1 (Fig. [14). ————
e The crystal and output waves are visualized in the graphic box 2 (Fig.

m).

TYPE (s--p)
ooe

THETA and PHI (deg)

ollinear phase-matching calculated. Rotate the crystal for noncollinear interaction
rystal: BBO, Type (s--p): 00e.

heta (deg): 22120, phi (deg): 90.0
jdeff (pm/V):  2.05

ambda (hnm):  800.00, 1588.06, 532.00
Iv: 1660, 1.646, 1.655
/u: 1684, 1672, 1701
GVD (fs*2/mm): ~ 75.44, -31.71, 129.29
alkoff (mrad):  0.00,  0.00, 5436

Figure 14: Visualization and information boxes.

16



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. [L5p).

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. [I5F).

Rotation out of the plane is prohibited.

d
optical axis '
: b
.n:.rdler
Y S
signal Pump .
c

- -

Figure 15: Visualization of (a) collinear phase-matching in uniaxial crystal;
(b) noncollinear phase-matching in uniaxial crystal; (c) noncollinear phase-
matching in biaxial crystal.

17



2 MODULE BULK CRYSTALS

2.1 Module Down-conversion

2.1.9 Dispersion parameters

The dispersion parameters are found by the use of the Sellmeier equations from

.
List of the parameters (Fig. [16)):

e ¢/v: refractive index.

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

GVD: group velocity dispersion coefficient.

walk-off : the walk of angle.

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

18

Noncollinear phase-matching calculated.

Crystal: BBO, Type (s-i-p): ooe.

deff (pm/V): 1.66

lambda (nm): 800.00, 1588.06, 532.00
Green-asterix pair:

theta (deg): 33.444, 50703, 42120
phi (deg): 90.000, 90.000, 90.000
chv: 1.660, 1646, 1.617
c/u: 1684, 1672 1.658

GVD (fs*2/mm): 7544, -31.71, 11677

Figure 16: Dispersion parameters in the information box.



2 MODULE BULK CRYSTALS 2.1 Module Down-conversion

2.1.10 Bandwidth estimation window

M Parametrika

Noncollinear BC DC

e After successful calculations of collinear or noncollinear interaction, next

window may be activated by pressing NEXT (Fig. for bandwidth
calculations.

THETA and PHI (deg)

Noncollinear phase-matching calculated.

Crystal: BBO, Type (s-p): ooe
deff (pm/V): 1.66

lambda (nm): ~ 800.00, 1588.06, 532.00
Green-asterix pair:

theta (deg): 33.444, 59703, 42120
phi (deg): 90.000, 90.000, 90.000
o/v: 1660, 1.646, 1617
o/u: 1.684, 1672, 1658
GVD (fs"2/mm):  75.44, -31.71, 11677

Figure 17: Press NEXT button.

19



2 MODULE BULK CRYSTALS

2.1 Module

Down-conversion

e Choose input parameters (Fig. .
e The user may choose either signal of idler waves.

o The gain bandwidth at FWHM is calculated. See Section [4.1.3] for more
details.

e Gain band is calculated and presented in a graphical box.
e The crystal information is given in the output box.
e To return, click Back button.

e To return to Bulk crystals module’s main window, click Main button.

20

M Parsmetrika - o X

Bandwidth BC DC

Intensity

Crystal length (mm)
+

Wave

signal

7997 7998 7999 8000 8001 802 8003
Jambda (nrm)

Gain band calculated!

Crystal: BBO. Type: 0oe
lambdal (nm): 800.0, lambda2 (nm): 1588.06, lambda3 (nm): 532.0
theta (deg):33.44, theta2 (deg):59.7, theta3 (deg):42.12

phil (deg):90.0, phi2 (deg):90.0, phi3 (deg):90.0

Delta lambda (nm):0.0427

Figure 18: Bandwidth calculation window.



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. [19):

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. 20]

1

21

Figure 19: Scheme of photon energies in the optical parametric up-conversion.

ky

ke

k,

Figure 20: 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

BCUC

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

Eq . Pump 1

Pump 2

WAVELENGTHS (nm)

Sum Freq

CRYSTAL

Choose crystal

Please choose a crystal.

Figure 21: Input wavelengths menu.

22



2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

2.2.3 Nonlinear crystals e DKDP, Deuterated Potassium Dihydrogen Phosphate (uniaxial).

Choose a crystal from a list (Fig. [22). e DLAP, Deuterated L-Arginine Phosphate Monohydrate (biaxial).
List of nonlinear crystals [II:
e GaSe, Gallium Selenide (uniaxial).
e ADP, Ammonium Dihydrogen Phosphate (uniaxial).
e GdCOB, Gadolinium Calcium Oxyborate (biaxial).
e AGS, Silver Thiogallate (uniaxial).

) ) ) o e KABO, Potassium Aluminum Borate (uniaxial).
e AGSe, Silver Gallium Selenide (uniaxial).

KBJ5, Potassi Pentaborate Tetrahydrate (biaxial). (Sellmei ti
e BABF, Barium Aluminum Fluoroborate (uniaxial). (di; and dao values * from M}o)assmm chtaborate Tebtatlydrate ( 1aX1a) (Sellmeier equations

from [2].)

KBBF, Potassi Fl 1 iaxial).
e BBO, Beta-Barium Borate (uniaxial). (Sellmeier equations from [3].) * ; Potassium Fluoroboratoberyllate (uniaxial)

e BIBO, Bismuth Triborate (biaxial). (Equal values of dcs¢) * KDP, Potassium Dihydrogen Phosphate (uniaxial).

e BNN, Barium Sodium Niobate (biaxial). e KLN, Potassium Lithium Niobate (uniaxial).

e CBO, Cesium Triborate (biaxial). e KTA, Potassium Titanyl Arsenate (biaxial).

e CDA, Cesium Dihydrogen Arsenate (uniaxial). e KTP, Potassium Titanyl Phosphate (biaxial).

e CGA4, Cadmium Germanium Arsenide (uniaxial). e LB, Lithium Tetraborate (uniaxial).

e CLBO, Cesium Lithium Borate (uniaxial). e LBO, lithium triborate (biaxial).

e CMTC, Cadmium Mercury Thiocyanate (uniaxial). e LFM, Lithium Formate Monohydrate (biaxial).

e CTA, Cesium Titanyl Arsenate (biaxial). e LGS, Lithium Thiogallate (biaxial). (ds; and dsa values from [5].)

e (dSe, Cadmium Selenide (uniaxial). e LGSe, Lithium Gallium Selenide (biaxial). (ds; and ds2 values from [5].)
e DCDA, Deuterated Cesium Dihydrogen Arsenate (uniaxial). e LIS, Lithium Thioindate (biaxial). (Sellmeier equations from [6].)

23



2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

e LISe, Lithium Indium Selenide (biaxial). (Sellmeier equations from [6].) B _

BCUC

e LN, Lithium Niobate (uniaxial). waveLEN

e LRB/, Lithium Rubidium Tetraborate (biaxial).

Pump 1

e LiI03, Lithium Iodate (uniaxial).

Pump 2

e MgLN, Magnesium-Oxide-Doped Lithium Niobate (uniaxial). (In [1I, n,
should be replaced by n. and vice versa.)

Sum Freq

e NbKTP, Niobium-Doped KTP (biaxial). S—
e Proustite, Proustite (uniaxial). :Z

e RDP, Rubidium Dihydrogen Phosphate (uniaxial).
e RTP, Rubidium Titanyl Phosphate (biaxial).

e TAS, Thallium Arsenic Selenide (uniaxial).

e Urea, Urea (uniaxial).

e YCOB, Yttrium Calcium Oxyborate (biaxial).
e ZGP, Zinc Germanium Phosphide (uniaxial). Figure 22: Select crystal drop-down menu.

e aHIO3, a—Todic Acid (biaxial).

24



2 MODULE BULK CRYSTALS

2.2 Module Up-conversion

The collinear interaction will be calculated.
Then, press NEXT in order to see the window of noncollinear interaction

(Fig. [23).

25

M Parametrika

WAVELENGTHS (nm)

Pump 1

Pump 2

Sum Freq

Sum frequency wavelength calculated.
Crystal: BBO
Crystal: BBO, Type (p1-p2-sf): 0oe.

theta (deg): 22.833, phi (deg):  90.0
deff (pm/V):  2.04

lambda (nm):  1064.00, 1064.00, 532.00
ofv: 1654, 1654, 1.654
o/u: 1674, 1674, 1.700
GVD (fs'2/mm): 4178, 4178, 128.91
walkoff (mrad): 000, 000, 5565

Crystal: BBO, Type (p1-p2-sf): oee.

theta (deg): 32442, phi (deg): 0.0

deff (pm/V):  1.57

lambda (nm):  1064.00, 1064.00, 532.00
o/v: 1654, 1620, 1.637
ofu: 1674, 1636 1.680
GVD (fe'2/mm): 4178, 4137, 12316
walkoff (mrad: 000, 6539, 6893

Crystal: BBO. Tvpe (p1-p2-sf): ece.

Figure 23: Press NEXT.



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.

There are six possible interaction types:

® 00¢
® oce
® coe
® ceo
® €00
® 0c€o

Only possible interaction types will be available (Fig. .

26

B Parametrika - o X

Noncollinear BC UC

TYPE (p1-p2-s7)

Collinear phase-matching calculated. Rotate the crystal for noncollinear interaction
Crystal: BBO, Type (p1-p2-s): ooe.

theta (deg): 22.833, phi (deg): 90.0
deff (pm/V):  2.04
lambda (nm):  1064.00, 1064.00, 532.00
chv: 1654, 1.654,

c/u: 1.674, 1674, 1.700
GVD (fs"2/mm):  41.78, 41.78, 128.91
walk-off (mrad): 0.00, 0.00, 55.65

Figure 24: Select type drop-down menu.



2 MODULE BULK CRYSTALS 2.2 Module Up-conversion

B rarametrika - o X

2.2.5 Interaction plane

For biaxial crystals, the plane bar is activated. List of planes (Fig. :

e XY

o X7
o Y7

TYPE (p1-p2-sf)
oee

THETAT and TILT (deg)

Collinear phase-matching calculated. Ghange the tilt for noncollinear interaction
Crystal: KTP, Plane: XY, Type (p1-p2-s): oee.

theta (deg): 90.000, phi (deg):  24.5
3.44

deff (pm/V):

lambda (nm):  1064.00, 1064.00, 532.00
ov: 1829, 1744, 1.787
ofu: 1872, 1775, 1.909

GVD (fs*2/mm): 171.51, 124.26, 415.69
walkoff (mrad): ~ 0.00, 328, 457

Figure 25: Select plane drop-down menu.
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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, z axis is the optical axis. Then, principal refractive indices
Ng =Ny =N, and n, = ne.

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

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.
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2.2.7 Calculate the noncollinear interaction

e To change the Euler angle #; of pump 1 wave one can either write the
value in the Edit box or rotate the cube, Fig.

e To change the tilt angle between the pump 1 and pump 2 waves one can
either write the value in the Edit box or move the slider, Fig.

e In the case of uniaxial crystals, one can edit both THETAI and TILT
angles. In the case of biaxial crystals one edits only TILT angle.

TYPE (p1-p2-sf)
ooe

THETAT and TILT (deg)

Tilt —————— O —

Collinear phase-matching calculated. Rotate the crystal for noncollinear interaction
Crystal: BBO, Type (p1-p2-sf): oce.

theta (deg): 22.833, phi (deg):  90.0

deff (pm/V): 2,04

lambda (nm): 106400, 1064.00, 532.00
chv: 1.654, 1.654, 1654
o/u: 1674, 1.674, 1700
GVD (fs'2/mm). 4178, 41.78, 12891
walk-off (mrad):  0.00,  0.00, 55.65

Figure 27: Change THETA1 the TILT angles.
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e Dispersion parameters for all three interacting waves are shown in the e

output box 1 (Flg , Noncollinear BC UC

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

7).

TYPE (p1-p2sf)
ooe

THETAT and TILT (deg)

Noncollinear phase-matching calculated.

Crystal: BBO, Type (p1-p2:sf): ooe. 1
deff (pm/V): 1.71

lambda (nm): 106400, 1064.00, 532.00

theta (deg): 42833, 40.185, 40.183

phi (deg): 73.073, 107.865, 90.000

1.654, 1.654, 1.621
c/u; 1.674,  1.674, K
GVD (fs"2/mm):  41.78, 41.78, 118.06

Figure 28: Visualization and information boxes.
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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. )

optical axis

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 b
the noncollinear phase-matching is calculated (Fig. ) Rotation out of

the plane is prohibited.

sum freg. = Pump 5

LI
e

.

Figure 29: 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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2.2.9 Dispersion parameters

The dispersion parameters are found by the use of the Sellmeier equations from

.
List of the parameters (Fig. [30)):

e ¢/v: refractive index.

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

ooe

e GVD: group velocity dispersion coefficient.
THETAT and TILT (deg)

Tilt ——— S

o walk-off: the walk of angle.

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

ollinear phase-matching calculated. Rotate the crystal for noncollinear interaction
rystal: BBO, Type (p1-p2-sf): ooe.

heta (deg): 22.833, phi (deg): 90.0
Heff (pm/V):  2.04
ambda (nm):  1064.00, 1064.00, 532.00

IV 1654, 1.654, 1654
Uz 1.674,  1.674 1700
GVD (fs*2/mm):  41.78, 4178, 12891

alk-off (mrad): 0.00, 000, 5565

Figure 30: 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. [31)):
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 31: Scheme of photon energies in the optical parametric down-

conversion.

Figure 32: 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.
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M Parsmetrika - [m] X

3.1.2 Nonlinear crystals

List of nonlinear crystals (Fig. : orystal Tyee (549)
PPLN_cm eee
e PPKTP, Periodically Poled Potassium Titanyl Phosphate (biaxial). PrcTP Temperture (4
e PPLN-cm, Periodically Poled Congruent Lithium Niobate (uniaxial). e

PPLN_sm

e PPLN-sm, Periodically Poled Stoichiometric Lithium Niobate (uniaxial). e

Lattice p. (um)

e PPRTA, Periodically Poled Rubidium Titanyl Arsenate (biaxial).

PPLN_cm, eee, A; =1064.0 nm, T=300.0 K

4000

3000

A (nm)

2000

28.5 29.0 29.5 30.0 30.5 31.0 31.5
A (um)

Drawn!
PPLN_cm, eee, lambda3 =1064.0 nm, T=300.0 K

lambda (hm):  1500.00, 3660.55, 1064.00
/v 2140, 2073, 215
c/u: 2184, 2218 2212
GVD (fs*2/mm): 111.74, -914.06, 237.94

A(nm) | A (pm)
4256.00 | 28.18
2”AANA 12017

Figure 33: Select crystal drop-down menu.
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M Parametika

3.1.3 Interaction type

Uniaxial crystals. In the interaction type, the notations are in the following or- Crysta Type (s+9)
der: signal-idler-pump, e.g. ooe means that signal and idler waves are ordinary PPLNcm
waves and pump wave is extraordinary wave. Pump w. (om)

List of interaction types for uniaxial crystals (Fig. :

® ccee Signal w. (nm)
® ooe
PPLN_cm, eee, A3 =1064.0 nm, T=300.0 K
® 0€o 4000
£ 3000
® €00 ~<
2000
28.5 29.0 29.5 30.0 30.5 31.0 315
A (um)
Drawn!

PPLN_cm, eee, lambda3 =1064.0 nm, T=300.0 K

lambda (nm):  1500.00, 3660.55, 1064.00
c/v: 2140, 2073, 2156
cfu: 2184, 2218, 2212
GVD (fs"2/mm): 111.74, -914.06, 237.94

A (nm) | A (um)
4256.00 | 28.18
869.09129 1

Figure 34: Select type drop-down menu. Uniaxial crystals.
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M Parametrika

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 ;P’y; Wp;(jm
indices n,(\, T). . : >
List of the interaction types in biaxial crystals (Fig. : e e

[ ]
227 Signal w. (nm)
o YV
[ ) YYZ PPKTP, ZZZ, A; =1064.0 nm, T=300.0 K
4000
[ ] XZX E 3000
~
2000
o XX7
32 33 34 35 36 37 38 39
A (um)
Drawn!

PPKTP, ZZZ, lambda3 =1064.0 nm, T=300.0 K

lambda (nm):  1500.00, 3660.55, 1064.00
c/v: 1.817, 1755  1.830
c/u; 1.853, 1902, 1.872
GVD (fs"2/mm):  69.88-1327.86, 171.58

A(om) | A (um)
4256.00 | 31.82
869.09 | 68

Figure 35: Select type drop-down menu. Biaxial crystals.
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B Parametrika - o X

3.1.4 Pump wavelength and temperature

Pump wavelength and temperature should be provided in Pump w. and Tem- orystal Type (549)
perature boxes, respectively (Fig. [36]). PoLNom

Pump w. (nm) Temperture (K)

1064.0 300.0

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

PPLN_cm, eee, A3 =1064.0 nm, T=300.0 K

4000
£ 3000
~
2000
28,5 29.0 29.5 30.0 30.5 31.0 315
A (um)
Drawn!

PPLN_cm, eee, lambda3 =1064.0 nm, T=300.0 K

lambda (nm):  1500.00, 3660.55, 1064.00
o/v. 2140, 2073, 2156
ofu: 2184, 2218 2212
GVD (fs*2/mm): 11174, -914.06, 237.94

Adom) | A (pm)
4256001 2818
869 0912912

Figure 36: Pump w. and Temperature edit boxes.
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M Parametrika - o X

3.1.5 Signal wavelength and lattice period

One of the edit boxes, either Signal w. or Lattice p., should be filled. Then, crysal Type (s49)
by clicking either right or left arrow (Fig. the remaining parameter is Rl =2
calculated: either lattice period or signal wavelength. Purmp . (o) Temperture (0

1064.0 300.0

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

29.5931

PPLN_cm, eee, A3 =1064.0 nm, T=300.0 K

4000
E 3000

<
2000

28.5 29.0 29.5 30.0 30.5 31.0 315
A (um)

Drawn!
PPLN_cm, eee, lambda3 =1064.0 nm, T=300.0 K

lambda (nm):  1500.00, 3660.55, 1064.00
cfv: 2740, 2073, 2156
cfu; 2184, 2218 2212
GVD (fs"2/mm): 111.74, -914.06, 237.94

A (nm) | A (um)
4256.00] 28.18
869 0912912

Figure 37: Calculate lattice period or signal wavelength.
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3.1.6 Graph

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, (Fig.

39

B rarometrika

Crystal Type (s-i-p)

PPLN_cm eee

Pump w. (nm) Temperture (K)

300.0

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

PPLN_cm, eee, A3 =1064.0 nm, T=300.0 K

4000

3000

A (nm)

2000

28,5 29.0 29.5 30.0 30.5 31.0 315

Alum)

Drawn!
PPLN_cm, eee, lambda3 =1064.0 nm, T=300.0 K

lambda (nm):  1500.00, 3660.55, 1064.00
c/v: 2140, 2073 2156
c/u: 2184, 2218, 2212
GVD (fs"2/mm): 111.74, -914.06, 237.94

A(nm) [ A (pm)
4256.00 | 28.18
860 09 | 29 12

Figure 38: Draw A(A) graph.
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3.1.7 Output data
PPLN_cm, eee, lambda3 =1064.0 nm, T=300.0 K

e Output data is presented in the output window, Fig. lambda (nm):  1500.00, 360,55, 1064.00

) ) ) ) ) c/v: 2140, 2073, 2156
e The data of A(A) graph (Fig. is presented in the output window, Fig. c/u: 2184, 2218 2212
It can be copied and pasted in MS Excel data sheet. In Excel, select GVD (fs"2/mm): 11174, -914.06, 237.94
the left column and perform Data — Text to Columns. A (nm) | A (um)
4256.00 | 28.18
e The dispersion parameters are shown in the output window, Fig. 3869.09 | 29.12
3546.67 | 29.84

o 3273.85| 30.39
— ¢/v: refractive index.

— ¢/u: fraction of speed of light to the group velocity. Figure 39: Output data.
— GVD: group velocity dispersion coefficient.
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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
- = 9
A1 A A3 )
In the periodically poled crystal, quasi-phasematching condition reads:
2mng  2mny 21ne 21
_ — == 10
A3 A1 A2 A (10)

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 at the temperature T' = 300 K.

41

h(.L)3

Figure 41: 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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3.2.2 Nonlinear crystals e -
List of nonlinear crystals (Fig. :
e PPKTP, Periodically Poled Potassium Titanyl Phosphate (biaxial).

e PPLN-cm, Periodically Poled Congruent Lithium Niobate (uniaxial).

500.0

e PPLN-sm, Periodically Poled Stoichiometric Lithium Niobate (uniaxial).

lambda3 = 500.00 nm, Lattice period = 5.57 mum

e PPRTA, Periodically Poled Rubidium Titanyl Arsenate (biaxial). Jombda () 100000, 100000, 50000

c/v: 2160, 2160, 2249
cfu: 2220, 2220, 2513
GVD (fs"2/mm): 262.72, 262.72, 863.05

Figure 42: Select crystal drop-down menu.

42



3 MODULE PP CRYSTALS 3.2 Module Up-conversion

3.2.3 Interaction type el —
Uniaxial crystals. In the interaction type, the notations are in the following orysal
order: pump l-pump 2-sum frequency, e.g. ooe means that buth pump waves PPLN.om
are ordinary waves and sum frequency wave is extraordinary wave.
List of interaction types for uniaxial crystals (Fig. 43)): P
® cee
PPLN_cm, eee, lambdal =1000.0 nm, T=300 KI
lambda3 = 500.00 nm, Lattice period = 5.57 mum
® oo0€
lambda (nm):  1000.00, 1000.00, 500.00
c/v: 2160, 2160, 2249
c/u: 2.220, 2220, 2513
® 0€0 GVD (fs"2/mm): 26272, 26272, 863.05
® €00

Figure 43: Select type drop-down menu. Uniaxial crystals.
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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. :

o 177
o YZY
o YYZ
o X7X
o XX7

M Parametrika

Crystal

PPKTP

Pump 1

Type (p1-p2-s

222

Wavelen

Pur

lambda (nm):  1000.00, 10
chv: 1

PPKTP, ZZZ, lambdal =1000.0 nm, T=300 K
lambda3 = 500.00 nm, Lattice period= 7.37

00.00, 500.00

832, 1.832, 1.900
c/u: 1.878, 1.878 2105
GVD (fs*2/mm): 190.88, 190.88, 711.49

Figure 44: Select type drop-down menu. Biaxial crystals.
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3.2.4 Pump wavelengths B e _o
Pump wavelengths should be provided in Pump I and Pump 2 edit boxes,
respectively (Fig. [45).

PPKTP, ZZZ, lambdal =1000.0 nm, T=300 K
lambda3 = 500.00 nm, Lattice period = 7.37 mum

lambda (hm):  1000.00, 1000.00, 500.00
c/v: 1832, 1.832 1900
c/u: 1.878, 1.878, 2105
GVD (fs*2/mm): 190.88, 190.88, 711.49

Figure 45: Pump 1 and Pump 2 edit boxes.
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3.2.5 Output
e Output data is presented in the output window, Fig. [46]
e The dispersion parameters are shown in the output window, Fig. [46}

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

e Lattice period is calculated.

46

PPKTP, ZZZ, lambdal =1000.0 nm, T=300 K
lambda3 = 500.00 nm, Lattice period = 7.37 mum

lambda (nm):  1000.00, 1000.00, 500.00
c/v: 1.832, 1.832  1.900
c/u: 1.878, 1.878, 2105
GVD (fs*2/mm): 190.88, 190.88, 711.49

Figure 46: Output box.



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)

47

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 _ cos?(63)  sin®(6s) (16)
(&) (A23,03)12  n2(Na3)  nZ(Ae3)
Type eoe

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

2k1(03)k3(03) + (k3 — k3(03) — k7 (63)) =0, (17)

where

(e) (e)
k1(63) = ALY (/\1793), 2 = nO(A2)7 k3(03) = (%, 65) (18)
)\1 )\2 )\3
and
1  cos?(03) . sin®(f3) (19)
(€ (A13,03)]2  n2(A13)  n2(Ai3)
Type eeo

The phase-matching angle 6, = 03 is found solving the following equation
numerically:
2k1(03)ks + (k3 (0s) —

k3 — ki(03)) =0, (20)
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where and
“ “ 1 B cos?(03)  sin?(63) (28)
fr (03) = L0 78) : (Al’a‘"’), ko (0s) = L \0278) : (’\2’93), kg = no(As) (21) (A2, 05)2  n3(A2)  nZ(Aa)
)\1 )\2 )\3
and
1 _ cos?(03) n sin?(3) (22)

() (A1,2,03)]2  n2(Ai2)  n2(A2)

Type eoo
The phase-matching angle 6, = 63 is found solving the following equation
numerically:
2k1(03)ks + (k5 — k3 — ki (63)) = 0, (23)
where
n(e)()\l 93) TLO(>\2) no()\g)
_ J - = 24
k1(03) N y ko N ks " (24)
and
1 2(0 in®(0
- 2:002(3)+SH;(3). (25)
[n®) (A1, 63)] ng(A1)  ng(h)
Type oeo
The phase-matching angle 6, = 63 is found solving the following equation
numerically:
2k ks + (k3 (0s) — k3 — ki) =0, (26)
where
o(A ©) (A2, 0 o(A
by = 1) gy = 200y neldo) (27)
A1 A2 Az
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4.1 Bulk crystals. Down-conversion

Uniaxial crystal. Noncollinear phase-matching

z

-

Figure 47: 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.

49

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.
2¥i!

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 ( (29)

61 = arccos (cos(a) sin(8) + sin(a) cos(7y) cos(8)) . (30)
Find signal wave angle ¢q:

1 = Earccos (Cos(a) cos(b) ;Isll(r;(l(;z) cos(7) sin(ﬁ)) + 3. (31)

Find idler wave angle 65:
0, — arccos (k3(93) 008(99}3 —ky cos(91)> . (32)

2

Find idler wave angle (o:

g = s (BB Snls) s sn)sinton))
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4.1 Bulk crystals. Down-conversion

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

a(@l):

180 —0)), -

2k1(01)ks(03)

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

a(fy) = — arccos (—

cos(61) = cos(a(61)) sin(B) + sin(e(61)) cos(7) cos(B). (35)
Find signal wave angle o1 :
o1 =  arccos (cos(a(el))cos(ﬁ) ;zi(l;(j(@l))cos(v) sin(6)> Fos (36)
Find idler wave angle 6;:
0, — arccos <k3(93) cos(6s) k—z k1 (61) cos(91)> | (37)
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) (39)

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(fz)) sin(B) + sin(a(hz)) cos(y) cos(B). (40)
Find idler wave angle ¢s:
0y = & arccos (cos(a(eg)) cos(f3) - sin(a(63)) cos(7) sm(ﬂ)) bes (41)
sin(f)
Find signal wave angle 6:
0, = arccos <k3(93) COS(93)]€_ Fa(62) 008(02)) . (42)
1
Find signal wave angle ¢;:
o1 = arcsin k3(93) sin(93) sin(<p3) .— kg (92) sin(02) Sin((pg) . (43)
ky sin(6y)
Type eeo
Find signal wave angle #; solving numerically the equation:
k3 (020(61)) — k3, (1) = 0, (44)
where
k3, (01) = k3 + k7 (01) — 2k1(01)ks cos(au(61)), (45)
cos(61) sin(B) + cos(7y) cos() \/sin2(91) — sin’(7) cos2(f)
cos(a(by)) = . (46)

1 — sin?(v) cos2(3)
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Eq. was found from ka(b2:(601)) = 71(6)0‘2;7‘;)“(01)) and 6o, (61) is expressed from
cos(b1) = cos(a(61)) sin(3) + sin(a(6y)) cos(7) cos(B3). (47) c0s(022(01)) = (k3 cos(63) — k1 cos(81)) [kaz (61). (55)
ka(62:(601)) = "(e)()‘ziizh(el)) and 05,,(61) is expressed from Here, k; "C’y‘l) kg = >(\>‘3). After solving Eq. and finding 6, find
idler wave angle 65 from Eq. . Then find angles o (idler wave) and ¢q
COS(QQw(el)) = (]{?3 COS(03) — k1(61) COS(Ql)) /]{3293(91) (48) (51gna1 Wave)
Here, k1(61) = M ks "“)(\As). After solving Eq. and finding 61, o k2 + k3(02) — k? — 2k3ka(62) cos(03) cos(62) 56
find idler wave angle 6o from Eq. (48). Then find angles @3 (idler wave) and P2 = (py & arccos 2ksks () sin(63) sin(6,) , (56)
o e (03) sin(ps) — ka(0) sin(0) sine)
. ([ kssin(fs)sin(ps) — ko (62) sin(f2) sin(ps
k2 + k3(05) — k2(01) — 2kska(62) cos(63) cos(6s) ¢1 = arcsin ( oy sin(6r) : (57)
(2 = 3 £ arccos - - . (49) 1 sin(64
2ksko(62) sin(03) sin(f2)
. . . . Type eoo
o1 = arcsin (kS sin(f3) sin(p3) — k? (62) sin(62) s1n(<p2)> ) (50) Find signal wave angle 6> solving numerically the equation:
kl (91) Sln(el) ) )
k1 (012(02)) — ki, (02) = O, (58)
Type oeo
Find signal wave angle 6; solving numerically the equation: where ) s o
k’lm(eg) == k‘3 + 1{32 — 2/€2k3 COS(O{(92)>7 (59)
k3 (020(61)) — k3, (1) = 0, (51)
cos(f) sin(B) + cos(y) cos(B) \/Sin2(92) — sin’(7) cos2(f)
where cos(a(bq)) = T 5 . (60)
K2,(01) = k2 + k2 — 2k ks cos(a(6y)), (52) — sin“(y) cos*(B)
Eq. was found from
cos(61) sin(B) + cos(7) cos(ﬂ)\/sin2(91) — sin’(7) cos2(f)
cos(a(by)) = — . (53) cos(fz) = cos(a(bz)) sin(B) + sin(a(fh2)) cos(y) cos(3). (61)
1 —sin®(7) cos?(B)
Eq. was found from k1 (612(62)) = n(e)()‘l/{iw and 61, (62) is expressed from
cos(f1) = cos(a(by)) sin(B) + sin(a(f;)) cos(7y) cos(S). (54) c08(014(02)) = (k3 cos(03) — k1 cos(01)) /k1,(02). (62)
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Here, ky = no(A2) s ks = n"()‘“"). After solving Eq. and finding 05, find
idler wave angle 91 from Eq . Then find angleb o1 (agnal wave) and @9

(idler wave):
). o

).

k% + k%(gl) — k% — 2]{}3]{31(91) COS(Qg) COS(91)
2k‘3k1 (91) sin(93) sin(@l)

(1 = (p3 £ arccos (

k3 sin(03) sin(ps) — k1 (61) sin(0y) sin(pq)
k‘z sin(02)

(pg = arcsin ( (64)

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,(A)
e YZ plane. n,()\)

Type ooe
The phase-matching angle 6, = 63 is found solving the following equation
numerically:
2k1k3(03) + (k3 — k3(03) — k) =0 (65)
where ) () © )
n )\1 n )\2 n\¢ ()\3 93
ky =+ ke =L ks3(f3) = ————= 66
1 SV )\2,3(3) s (66)
and
1 _cos?(63)  sin®(63) (67)
(A3,03)2  n2(As)  nZ(As)
Type oee

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

2k1ks3(03) + (k3(03) — k3(03) — ki) =0, (68)
where
ng, (A n(® (s, 0 n(e) (s, 0
by = 1A gy = P00 gy - TR0 g
A1 Ao A3
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and ) )
1 .
- C(;S (03) n 81211 (93). (70)
(€ (X23,03)]2  n2(A23)  nZ(A23)

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

2k1(03)k3(03) + (k3 — k3(03) — k7 (63)) = 0, (71)
where
n(® (A, 0 Ny (A n(e) (g, 0
k1(63) = 7&1 2 k= ”i 2) | ky(0) = 7&3 D (1)
1 2 3
and ) )
1 .
- - cc;s (03) N s12n (93). (73)
[ (A13,03)]*  nZ(Ars)  nZ(Ais)
Type eeo

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

Phr (0,5 + (K2(0,) — 12 — K2(6,)) = 0, (74)
where
fa(ty) = O] ) L 0B 10D
and 1 cos?(0,)  sin(6,)
s G~ m20na) | n20wa) (76)

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

s (6,0 + (K2 — K2 — K2(0,)) = 0, (77)
where ©)(A,,6,) (\o) ()
_ne )\1,9;, _’I?,p )\2 _np )\3
k1(60,) = 7)\1 , ko= N ks = " (78)
and 2(0,)  sin(6,)
1 cos“(0,) sin“(0,
f— . 79
OO~ m20n) | 20 (79)
Type oeo

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

2kiks + (k3(0,) — k3 — k7) =0, (80)
where ©
_ np(A1) _ne (A2, 6,) _ np(A3)
kl - )\1 ) k2(9p) - )\2 ) kg - )\3 (81)
e 2(0,)  sin®(6))
1 Ccos 9p sin Gp
_ . 89
OO 0~ m20w) | n200) (82)
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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. 0, takes the Theta value.
e YZ plane. 0, takes the Theta value.

Goal: calculate phase-matching angles 6,1, 6,2 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 = Op1.2.3
e XZ plane. 0153 = 0,123, 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:

e XY plane. n,(A) = ny(A), nc(A) = ng(A), np(A) =nz(A).
n:(A), np(A) = ny(A).
nz(A), np(A) = na(A).

e XZ plane. n,(A) = nz(A\), ne(A)

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

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

Type ooe

The noncollinear angles a; and «y are found from the equations:

k= k3(0) — k%)

(xp = arccos ( lekg(ap)

Kt — k3(0p) — k%)
2koks(0,) ’

where k1, ko and k3(6,) are found from Eq. .
Calculate the output angles:

iy = — arccos <

9p1 = 91) + o, 9p2 = Gp + o, 9;03 = 91)'

Type oee
The noncollinear angle aiis found numerically from the equation:

2ko (0, + a2)k3(6),) cos(az) + ki — k3(0,) — k3(0, + as) = 0.

Find 0,2 = 0, 4+ a2. Then, calculate noncollinear angle oy:

k%(exﬂ) — k%(ep) - k%)
2k1ks(6)p) ’

(1 = — arccos (—

Here, k1, ka(6p2) and k3(6,) are found from Eq. .
Calculate the output angles:

9;01 = Hp +Oél, GPQ = 9;0 + Qag, 0p3 = Gp.

Type eoe

54

(86)

(88)



4 WHAT’S INSIDE? FORMULAS

4.1 Bulk crystals. Down-conversion

The noncollinear angle «; is found numerically from the equation:

2](31(0]) + 041)]63(91)) COS(Oél) + kg — k§(0p) — kf(ﬁp + al) =0.

Find 60,1 = 0, + a1. Then, calculate noncollinear angle o:

k%(epl) — k%(ep) - k%) )
2koks(6)p)

(g = — arccos (—

Here, k1(0p1), k2 and k3(6,) are found from Eq. (72).
Calculate the output angles:

0p1 = tgp + oy, 9p2 = ep + o, 9;03 = ep‘

Type eeo

(91)

Find noncollinear angle a; between wavvectors k; and kg from the equation:

ko (8, — coz(a1)) — kag(a1) =0,

where
k%m(al) = k%(ﬁp +ay)+ k:% — 2k1(0, + a1)ks cos(aq)

and «s, is found from
oy (1) cos(aag) + k1(0p + 1) cos(ar) = ks.

We use Eq. to calculate kq(61), k2(f2) and ks.
Calculate the output angles:

0;01 = 9}7 -|—Oél, gpg = 0;0 — agm(a1)7 epg = gp'

(92)

(93)

(95)

55

Type eoo

Find noncollinear angle o;; between wavvectors k; and ks from the equation:

ko — kzz(al) =0,

where

k%x(al) = k%(ﬂp +a1)+ kg — 2k1(0p + 1) k3 cos(aq)

and further as, is found from
oy (1) cos(az) + k1(0p + 1) cos(a) = k.

We use Eq. to calculate k1 (61), ko and ks.
Calculate the output angles:

0p1 = 0], + aq, epg = 0p — Oégx(oq), 9;,,3 = 9[)

Type oeo

(96)

(97)

(98)

(99)

Find noncollinear angle as between wavvectors ko and k3 from the equation:

k1 — kiz(a2) =0,
where
k3 (o) = k3(0, + az) + k3 — 2ka(0), + o) k3 cos(az)
and further oy, is found from
k1g(a2) cos(aiy) + ka(6p + ag) cos(asz) = ks.

We use Eq. to calculate kq, ko(02) and ks.
Calculate the output angles:

0p1 = Hp — 0411(042), 9,,2 = Hp + aa, 9p3 = 9,,.

(100)

(101)

(102)

(103)
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4.1.3 Gain band

Gain band formulas:

sinh” (VBL)
P=14T?2—— 72 B>0.
B
2s1n2( |B|L)
P=141"————2 B<0
|B|
Here, L is the crystal length,
I'= /010200

and

B=T2% Ak2/4, Ak = ks — ki — ks, k:%Tn‘

Nonlinear interaction coefficients:

d
01,2 = W1,2ﬂ-
Cny 2
Pump amplitude:
21
ag = .
CNn3&o

€p is the vacuum permittivity. I is the intensity.

(104)

(105)

(106)

(107)

(108)

(109)
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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 « 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.

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). (110)
k1 and ko are found from Eq. . Then, find angle #3 from:
l/n(e)2 —1/n?
203) = L3 L& 111
os” (fs) 1/nZs —1/nZy "’ (1)
where ni(;‘) = k3(03)As.
Calculate 65:
ks3(0 03) — k 0
02 = arccos < 3(0s) cos(Ba) = by cos( 1)) . (112)
)
Find angle difference Ap; = p3 — ¢1:
1 k3(05) sin®(03) + k3 sin®(6;) — k3 sin®(0
COS(AQ@l) —_ 3( 3)8111 ( 5)+ 1 sm ( 1) 2 S ( 2) (113)

57

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 = 114
cos(Apz) = 35 Kok (03) sin(6s) sin(fs) (114)
Then, calculate ps = w3 + Agp,.
Type eoe
First, calculate the wavenumber k3(63) from the formula:
k%(@g) = k%(gl) + k% + 2]€1 (01)]{)2 COS(O&). (115)
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k1(61) and ko are found from Eq. (I8). Then, calculate 63 from Eq. (I11).
Calculate 65:

02 — arccos <k’3(93) COS(03) — kl (91) COS(@l)) ' (116)
ko
Find angle difference Ap; = p3 — ¢1:
cos(Apy) = 1 k3(05) sin®(0s) 4 kf(61) sin®(61) — k3 sin®(6,) (117)

2 k‘1(91)]€3 (93) sin(@l) sin(93)
Then, calculate ¢1 = 3 — Ap;. Next, find angle difference Ay = po — p3:

}k‘% (63) sin®(63) + k2 sin®(0,) — k3 (0;) sin?(0;)

A = . 118
cos(Ag2) =5 Kok (03) sin(6s) sin(fs) (118)
Then, calculate pg = w3 + Agps.
Type oee
Find angle 05 solving numerically equation:
k2(02) cos(02) — (ks(6s) cos(f3) — k1 cos(f1)) = 0, (119)
where k1 and ks (63) are found from Eq. . Here,
(e)2 2
1/ny’" —1
cos?(63) = M (120)
1/”03 - 1/”@3
nz(f) == ]{?3(93>)\3 and
k3(03) = k7 + k3(02) + 2k1k2(62) cos(a). (121)

58

Find 05 and then, from Egs. (120[121)) 03.
Find angle difference Ap; = p3 — ¢1:
1 k3(03) sin®(03) + kf sin®(61) — k3 (0) sin®(65)

2 k1 k3 (03) sin(6; ) sin(0s) (122)

cos(Apy) =

Then, calculate ¢1 = 3 — Apy. Next, find angle difference Apy = o — p3:
1 k3(05) sin®(03) + k3 (62) sin®(62) — k7 sin®(61)

(A _ 12
COS( SDZ) 2 kg(eg)kg(eg) Sin(QQ) sin(93) ( 3)
Then, calculate pg = w3 + Agps.
Type eeo
Find angle 03 numerically from
k3 — (K3(61) + k3 (02) + 2k1 (61)k2(62) cos(a)) = 0, (124)
where ki (6,) = 7n(e)()\>‘11’91) and k3 = 7""/{2‘3) are known and ko(2) = 7n(e)()\>‘;’92).
See Eq. (22) for n®) (A1 2,61 2). Then, find pump wave angle 65 from
03 = arccos <k1(01) cos(6n) + ks (6) 008(92)) . (125)
ks
Find angle difference Apy = p3 — ¢1:
cos (M) — 1 k3 sin®(03) + kF(61) sin®(61) — k3 (62) sin2(92). (126)

2 k1 (61)k3 sin(67) sin(63)

Then, calculate 1 = p3 — Apy. Next, find angle difference Ags = o — 3:

B lkg sin?(03) + k2(62) sin?(02) — k3 (0;) sin®(6;)

2 k2(02)ks3 sin(62) sin(6s) (127)

cos(Apa)
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Then, calculate pg = w3 + Agps.

Type eoo
Here, we should check if cos(a) and cos(aq3), calculated from

_KE(01) + K3 — k3

S = 12
COb(Oélg) 2]€1 (91)k‘2 ( 8)
coincide. If yes, then we continue the calculations. Here, k1(61) = %ﬁ’el%
ko = w and ks = %;‘3) See Eq. li for n(®) (A, 61).
Then, find pump wave angle f3 by solving numerically equation:
cos(p1 — p2) — C12(03) =0, (129)
where ¢ and o are found from
1 k2sin?(03) + k3(0:1) sin®(61) — k3 sin? (0o, (03))
_ S 1
cos(ips = 1) = 3 x (01) ks sin(02) sim(0s) - (130)
1 k2 sin?(03) + k2 sin? (02, (05)) — k2(0,) sin?(0
cos(ips — o) = L7 (03) + k3 sin” (62, (3)) — ki (61) sin”(61) (131)

2

and C12(03) is found from

]{52 ]{13 Sin(egz (03)) sin(ﬂg)

1 k2 sin® (02, (03)) + k2 (61) sin(6;) — k2 sin®(6s)

C12(03) = cos(ip12) =

2 ]{31 (91)](32 Sin(@l) sin(ﬂgr (93))
(132)
Once the angle 63 is found, calculate 6> from
k 03) — k(0 0
0y = arccos ( 3 cos(fs) 3 1(61) cos( 1)) . (133)
2

59

From Egs. (130 and (131)) estimate o1 and s.

Type oeo
Find angle 65 numerically from

k3 — (kT + k3 (02) + 2k1k2(02) cos(a)) = 0, (134)

where k; = %ﬁ‘l) and k3 = "";\2‘3) are known and ks (62) = %jez) See Eq.

for n(®)(\y,05). Then, find pump wave angle 3 from

03 = arccos (kl cos(6n) + ks (6) COS(Q2)> . (135)
k3
Find angle difference Apy = p3 — ¢1:
cos (Agy) = & kg sin® (0s) + k7 sin®(01) — K3 (602) sin®(6) (136)

2 klk‘g sin(01) sin(93)

Then, calculate 1 = p3 — Ap;. Next, find angle difference Ags = o — 3:

1 k3 sin®(03) + k3 (02) sin®(A2) — ki sin®(61)
2 ]fz (02)k3 sin(92) sin(ﬁg) '

cos(Ayg) = (137)

Then, calculate pg = w3 + Agps.
Biaxial crystal. Collinear phase-matching
Equations 7 are utilized to calculate the collinear phase-matching in

biaxial crystal.

Biaxial crystal. Noncollinear phase-matching
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In the case of up-conversion in the biaxial crystal, only the tilt angle o =
Op2 — 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.

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

the following rule:
L] XY plane. 017273 = g, @17273 = 0;,17273.
e XZ plane. 0123 = 0,123, p1,2,3 =0.

® YZ plane. 0123 = 0,123, p123= 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)
e XZ plane. n,(A) = ng(A), ne(A) = nz(A), ny(A)
A

:nz
:ny

(A

(A

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

)
)

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

Type ooe
First, calculate k3(6p3) from

k3(0p3) = (k3 + k3 + 2k1ks cos(av))

1/2

Y

(138)

60

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

1/71(6)2 —1/n?
2 9 — 3 63 1
R Y e 139)

where ni(;‘) = k3(0p3) As.
Next, note x = cos(fp1) and solve quadratic equation:

ar® +br +c=0, (140)
where
a = k3(0p3), (141)
b= —2ks(0p3) cos(0p3) (k1 + k2 cos(a)), (142)
c = k3(0,3) cos®(0,3) — k3 sin’(a). (143)

We take solution of Eq. (140)):
—b+ Vb? — dac

5(0,1) = 144
cos(0y1) _- (144)
calculate 0, and then, 6ps:
Op2 = Op1 + . (145)
Type oee
First, find 6,2 solving numerically the equation:
k2(0p2) cos(0p2) — [k3(0p3) cos(0p3) — k1 cos(Op2 — )] = 0, (146)
where k1 = n,(A1)/ A1,
ol
ko (0p2) = W (147)
2
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) _ 1
(cos?(Bp2) /2y + sin®(B2) /n2y)
kis(Ops) = (k2 + k2(0p2) + 21 ko (02) cos())

and 6,3 is a function of 6,:

n(e
2 1/2°

Asks(0p3))? — 1/n2;
InZy—1/n2y

cos?(0,3) = 1/

Calculate 0,2, then express 6,3 from Eq. (150). Finally, find 6p:

le = Up2 — Qu.

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

K1(0p1) cos(Op1) — [k3(0p3) cos(Ops) — ko cos(Op1 + a)] =0,

where ko = ny(X2)/Aa,

. . ~1/2
n{ = (cos®(Gp1) /my + sin® (1) /n2, ) ’

kis(0p3) = (E2(0p1) + K2 + 2k (01 )k cos(a))

and 0,3 is a function of 6p;:

1/(>\3k3(9p3))2 - 1/”33_

2
cos”(Op3) = nZ, — 1,
O €

(148)

(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

61

Calculate 6,1, then express 6,3 from Eq. (156). Finally, find 62:
epg = 9;01 —+ «.
Type eeo
First, find 6, solving numerically the equation:
K2 — [2(0p1) + K2 (Bp1 + @) + 2k1 (Bp1)kz (61 + @) cos(a)] =
where
)
k1(0,1) = —
1( pl) )\1 )
e . —1/2
ni? = (cos(61)/n2y + sin® (01) /) "
and ©
n €
ko (6 2
2( p2) )\2 )
(e) _ 2 2 .2 2 \—1/2
ny” = (cos®(Op1 + a) /ngy +sin’(Op1 + ) /ngs)
Find 0,1, then calculate 0p2 = 0,1 + «. Finally, find 0,3:

kq (le) COS(epl) + ko (epg) COS(HPQ) >

0,3 = arccos < 3
3

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

k3 — [k (0p1) + k3 + 2k1(0p1) k2] = 0,

(157)

(158)

(159)

(160)

(161)

(162)

(163)

(164)
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4.2 Bulk crystals. Up-conversion

where kg = np(AQ)/A27 kg = ’/lp(Ag)/)\g,

. ) —1/2
n{ = (cos? (1) /n2y + sin (1) /n2) """,

Find 6,1, then calculate 0,2 = 6,1 + . Finally, find 6,3:

0,3 = arccos ( ’
3

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

k‘§ — [k% + k‘%((gpl + Oé) + 2k‘1k‘2(9p1 + Oé)] =0,

where kl = np()\l)/)\l, k‘3 = np()\g)/)\d,

e . —1/2
n$) = (cos?(Bya) /2y + sin® (B,0) /n%) 7,

Find 6,,, then calculate 0,2 = 0,1 + «. Finally, find 0,3:

0,3 = arccos < k
3

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

k1 cos(0p1) + ka(6p2) 005(9102)) '

(165)

(166)

(167)

(168)

(169)

(170)

(171)
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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
_ — = 172
A3 A1 A2 A (172)
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. (172) depends on the
interaction type.

4.3.3 Quasi-phasematching. Down-conversion

e Temperature T and pump wavelength A3 are given.

From (172) and (173 equations one calculates either A\; when A is given
or A when \; is provided.

From (172) and (173) 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. (172) 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 (172) and (173) 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.



4 WHAT’S INSIDE? FORMULAS 4.4 Dispersion parameters

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

TY=n AhT 5 ng(T =N ()\Q,T), ’I’L3(T) =N ()\37T) 2 2
‘ ‘ ’ € dk oy i (174)

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

9:72’ kzi’ )\:7, (175)

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 3 (for Bullk Crystals Down-conversion 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 ( ° = ) . 176

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 6, is the Euler angle ¢. In XZ and YZ planes
0, is the Euler angle 6.

For ordinary wave:

£ =0. (177)
dess: the effective nonlinear susceptibility (for Bullk Crystals only).
For each crystal, the formulas were taken from [I].
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5 EDIT CRYSTALS’ DATABASE

5 Edit crystals’ database T —

GO Back Reset DB Remove crystal  Save as a new crystal

e Click Edit Database in either Bulk Crystals or PP Crystals module, see
FlgS and respectively. Choose Crystal to Edit or Remove: Choose a crystal

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 48: Edit Database menu window.
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5 EDIT CRYSTALS’ DATABASE

M rerometiika — ] X

e The user is allowed to put in a new crystal on the base of an existing

CI‘yStal . GO Back Reset DB Remove crystal  Save as a new crystal

Choose Crystal to Edit or Remove: [of CLELERHEN

e Choose a crystal to edit or remove from the list by clicking Choose crystal,

Flg @ New Crystal Name

Figure 49: Crystals list drop-down menu. Bulk crystals module.
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5 EDIT CRYSTALS’ DATABASE

e Let’s choose BBO crystal. Items to edit will appear, Fig,

GO Back Reset DB Remove crystal  Save as a new crystal

e One may choose a new crystal name. If one chooses an existing name, no
Changes will be apphed Choose Crystal to Edit or Remove: BBO

New Crystal Name

e )1 and \jp are the limit wavelengths in the transparency range.
AN [um]

e 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™.

A2 [um:

e In the formulas, theta and phi denote the Euler angles 6, . SIS0 OO,

no*2(A=ll): 76536*11**2/(11**2-60.01)

e In the module PP Crystals, refractive indices of uniaxial crystals depend

1+1.151075%12/(1"*2-0.007142)+0.

both on wavelength A and temperature T'. For biaxial crystals, refractive 21B03HI2/(12:0.02258)+0

ne*2(A=I1): 656411++2/(11*+2-263)

index formula is given at 7' = 300 K and the formulas for the derivatives
dn / dT should be provided. 0.04*np.sin(theta)-2. 2*np.cos(theta)*np.

sin(3*phi)

d_eff (Type 1)

e 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. 22 cos(thetar2np cos@ph)

d_eff (Type 2):

e Press button Remove crystal to remove a crystal. The crystals from the
main list cannot be deleted.

Figure 50: Crystal to edit: BBO. Bulk crystals module.
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