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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

TpeboBaHuAa K maTpuue:

Xopolune ontuyeckme ce-ea (0AHOPOAHOCTb, MPO3PaYHOCTb Ha
AJINHAX BOJIH FrEHEpaLUMU N HaKadkm)

Xopolmne MexaHn4yeckune ce-Ba (MPOYHOCTb, TEMJIONPOBOAHOCTb)

TeXHOJIOrMYHOCTb M pon3BoaCcTtBa




AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Hanbonee ynorpeburenbHble MaTpuubl (1 meHee
ynorpeéburenbHble...)
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Hanbonee ynortpeburtenbHbie MaTpuLibl (1 meHee
ynortpeéburenbHblie...)




AKTMBHbIE Cpeabl TBEPAOTENbHbIX JlTA3€pOB

AKTUBaATOPpBLI

TpeboBaHMA K aKTUBaTOpaM:
Pa3BuTbln cnekTp nornoweHna (418 naMmrnoBon HakKaukmn)

[MpaBUibHasa cnekTpockonmyeckasa cxema (y3Kue JanMHumn
NOMUHEecCUeHUnn, 6onblune BpeMeHa XNU3HN MeTacTabubHbIX
YPOBHEWN,...)

CnocobHOCTb BXOAMUTb B MaTpuuy 6e3 oTpuuaTtesbHbiX NOO0OUYHbIX
a3 PpeKToB (BHECEHME ONMTUYECKUX HEOAHOPOAHOCTEN, TYLLEHUE
NOMUHecUeHuum, ...)




AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

AKTUBaTOPpbDLI
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

NoueMy peakosemMesibHble MOHbI?

Number

54
59
60
61
62
63
64
65
66
67
68
69
70
71

Element

Xenon, Xe
Praseodymium, Pr
Neodymium, Nd
Promethium, Pm
Samarium, Sm
Europium, Eu
Gadolinium, Gd
Terbium, Tb
Dysprosium, Dy
Holmium, Ho
Erbium, Er
Thulium, Tm
Ytterbium, Yb
Lutetium, Lu

Outermost electron shell

4d'°
4d°
44'°
4d'°
44" ° ;
4d" ¢ 4f’ Bs*
4d" 41® 5s*
4d° 41° bs*
4g"¢ 49 | Bs*
4d" ¢ 4" | 5s*

4d’" 552
4q"° 552
4qd"° 552
4d1() 58-

51)()

5d

5d

6s<

6s*
65~
6s~
657
68'.3
6s*
6s*
6s*
65~
68'__'
63'._'
65~
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

IK30TUKA
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AKTUBHbIE cpeabl TBEPAOTEJIbHbIX J1a3€POB
MeToAbl BbipallMBaHUA KPpUCTaslJiIoB

Monoroyex _—-._‘

Boaopop =

—=— Kucnopoa

H———— MNopowok

FNuHO3IEMa

— UsonAauna

Metoa BepHenns (1902 r):

[MpocChbinKa NOpOWKOBOW WUNXTbl B
TpybuaTyto neyb L1 wunxTa pacnnasnsercs
BO BpeMsl NafeHnst B KNCIOPOAHO-
BOAOPOAHOM NnamMeHun LlnuTaHue Kannm
pacrnjiaBa Ha NOBEPXHOCTUN 3aTpaBKMW.
MNMpenmywyecrBa: oTcyTcTBue GaOCOB U
Turnen. Hegocrarkm:. ctexmomeTpus
COCTaBa MOXEeT HapywaTbCsa BCNencTBUe
BOCCTAHOBJ/IEHNUS KOMMOHEHTOB BOAOPOAOM
N ncnapeHus netyumx sewects. CKOpoCTb
BblpallMBaHUSA — HECKOJZIbKO MM/4Yac.
Py6uH.
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

MeToAbl BbipallMBaHUA KPUCTaJIJiIOB




AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

MeToAbl BbipallMBaHUA KPpUCTaaioB

" MeTtopa Yoxpanbckoro (1916 r;
\122)5' npombiul. ¢ 1950):

Bopga— =

[To MeTOAYy HOoXpanbCKOro Npon3BoaAaT

—= BbITArMBaHWe BBEPX Ha 3aTpaBKy
MOHOKpUCTania n3 BaHHbl (Mpugnin!) c
) o pacnnasoM. Harpes - CBY nsnydyeHumnem.

: e I 0N CHATUSA BO3HMKAOLWMX HANPSXXeHUM
2l MCNOJMIb3YIOT AOMNOSIHUTENbHYIO Neyb, Yepes
e KOTOPYH NMpPOXOo4AUT BblpallMBaeMbli
S KpUCTana n oTXXuraeTcs.
-‘;‘_{:;-. OCHOBHOM MeTo4 NPON3BOACTBA Na3epHbIX
o KpWUCTanos.
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Py6buH

BrniepBble nasepHoe nsny4vyeHune
6b1/10 NOY4YEHO C MOMOLLbIO
Kpuctanna pybuHa:
Al203:Cr3+

O Aluminum
or chromium
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Py6uH 30
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Py6buH

0.007+¢
| U S U T T W
6980 7000 7020

\

Absorption coefficient and cross section of R, and R,
lines in ruby as a function of wavelength, incident beam polarized
parallel (£ | ¢) and orthogonal (€ 1| c¢) to ¢ axis of crystal.

Cr3* concentration is 1.58 x 10’2 ¢m -2

:’\‘)/
105
10.4
10.3

10 ¢cm?
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Py6buH

Absorption coefficient and cross section of ruby pump

bands for unpolarized light as a function of wavelength

Cr3+ concentration is 1.88 x 109 cm



AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Py6buH

BrniepBble nasepHoe nsny4vyeHune
6b1/10 NOY4YEHO C MOMOLLbIO
Kpuctanna pybuHa:
Al203:Cr3+

O Aluminum
or chromium

{ 3auyeM beneHbknme KoHLUbI? k




AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

YAG:Nd

«Pabouas
nowagka» B
obnactu
NPpUMEHEHUN
TBEpAOTENbHbIX
na3epos
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AKTUBHBbIE C|

YAG:Nd

«Pabouas
nowaaka» B
obnactu
NpUMEHEHUN
TBEpPAOTENbHbIX
nasepos
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Wavelength (nm) Transition Cross section (1072 cm?)
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AKTUBHBbIE C|

YAG:Nd

«Pabouas
nowagka» B
obnactu
NPUMEHEHUN
TBEpAOTENbHbIX

/y [Mpn Kakomn \
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units
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX 1a3epoB

YAG:Nd : ntoMMHecuyeHuusa

L lewvavvvesdesvevenns bevrvnnnan b

10801

10701 10601

Wavelength [ A]

10501

11502 cm
’

F ~11414

(3)1(5)1(7)R(8)

(1)4(2) |(4) }(6) 2526
&

‘ - 2473

G /2146
\ 2111
= =252029
2001



srbitrary units

FIL.’(_)

rescence |:

AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

YAG:Nd: ntoMmnHecueHuums

9 3f2

14 ijQ

<

L%C@@
5 { "Fd/z

i 15/2

A 144

1,064%%




AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

YAG:Nd: TeMnepatypHass 3aBUCUMMOCTb JIIOMUHECLEeHLUnM

dv,/dT =~ 5-10-2 cu~! K-
d(Dva/dT dT)~ 1,8-10-2 cu—! K-

S

/?’U’HM

1066 = //

1065
1064

1063
1062

w612~ |

g 250 500 750 T,K° 25

4




AKTUBHbIE cpegbl TBEPAOTEJ/IbHbLIX J1a3€EpPOB
YAG:Nd: nornouweHue

(I)-i n

o
4 .b .
Varn o iy

-

Optical density




AKTUBHbIE Cpeabl TBEPAOTENbHbLIX 1a3epPoB
YAG:Nd: nornowenme s6,2im3m 800 HM (diode pumping)

12

, A

Absorption (1/cm)

NEVAS 74 BN
- —

802 804 806 808 810 812
Wavelength (nm)
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AKTUBHbIE Cpeabl TBEPAOTENbHbI

AvoaHas HaKauyka

Package Dimension

M25
P-TERMINAL -~ (49@4,4 M3 T bmax
. N-TERMINAL
MDD
EMISSION DIRECTION N— T N
7 e fgﬂ ‘ ol v o
M3-X0000¢ | =3 2 —@4 S+ g3 2
1 !
= E M 1 M
S = NI NN
= 2 024756
& E G }
2 o= o =g ™
i =
”~ ~ e
7 N
/ _\
, é
| !
\ /
\ /
\ (1,2 /
N - 7
~~ — - e
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Optical Parameters! Units CwW
Center Wavelength Range’® nm 808
Center Wavelength Tolerance nm +3
Output Power? (Pop) W 40
Number of Emitters # 19
I Emitter Size um 150
Pack Fijl| Factor % 30
Spectral Width (FWHM) nm <3
Slope Efficiency W/A >1.15
LM'S Fast-Axis Divergence® (90%) degree <63
; Slow-Axis Divergence (90%) degree <10
. Wavelength Temp. Coefficient nm/°C ~0.27
- Electrical Parameters'
Power Conversion Efficiency % »52
Threshold Current (Ity) A <8
Operating Current (Iop) A <46
Operating Voltage (Vop) V <1.90
Thermal Parameters!
Operating Temperature Range* A +20 to +30
Storage Temperature Range? °C O to +55
Recommended Heatsink Capacity 29

Per Bar W >70



Optical Parameters! Units cw
Center Wavelength Range® nm 808
Center Wavelength Tolerance nm +3
Output Power? (Pop) w 40
Number of Emitters # 19
Emitter Size m 150
| 7 epaoTeJibHbIX J1a3
Fill Factor %o 30
Spectral Width (FWHM) nm 23
Slope Efficiency W/A >1.15
Fast-Axis Divergence® (90%) degree <63
Slow-Axis Divergence (90%) degree <10
Wave!ength Temp Coefficient nm/°C ~0.27 _
Electrical Parameters!
PaCka- Power Conversion Efficiency % >52
Threshold Current (Im) A <8 M25
Operating Current (Iop) A <46 P-TERMINAL . (4X)®4lf‘ M3 bmax
Operating Voltage (Vop) v <1.90 \ N-TERMINAL
Thermal Parameters! @*b h
EMISSION . . LS Iy I
Operating Temperature Range °C +20 to +30 o ; 'y
-y, Storage Temperature Range* °C 0 to +55
Recommended Heatsink Capacity — L - 2 = 2
Per Bar W >70 \ ! = - ~
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JTA3EPOB

YAG:Nd

«Pabouas
nowagka» B
obnactu
NPpUMEHEHUN
TBEpAOTENbHbIX
na3epos

Physical and optical properties of Nd: YAG

Chemical formula
Weight % Nd
Atomic % Nd
Nd atoms/cm?
Melting point
Knoop hardness
Density
Rupture stress
Modulus of elasticity
Thermal expansion coefficient
[100] orientation
[110] orientation
[111] orientation
Linewidth
Stimulated emission cross section
Relaxation time (*/,, , = 4/, ,,)
Radiative lifetime (*F;,, — 4/, )
Spontaneous fluorescence lifetime
Photon energy at 1.06 um
Index of refraction
Scatter losses

Nd:Y,AI.O,,

0.725

1.0

1.38 x 10

1970 C

1215

4.56g/cm?3

1.3-2.6 x 102 kg/cm?
3 x 10 kg/cm?

82 x 10-° C-*, 0-250C
1.0 10-2C~1. 10-280 C
7.8 x 10-2 C-1, 0-250 C
4.5A

Gy = 27-88 x 10-"° cm?
30 ns

550 us

230 us

hv = 1.86 x 10-2 J

1.82 (at 1.0 um)

.. A 0.002 cm-?




AKTUBHbIE cpeabl TBEPAOTESIbHbIX J1a3€pPOB
YAG:Nd

Thermal properties of Nd: YAG

Property Units 300 K 200 K
Thermal conductivity Woem-" K-' 0.13 0.21
Specific heat Wsg 'K 0.59 0.43
Thermal diffusivity g 1 i - 0.046 0.10
Thermal expansion K= 1.5 5.8

on/oT S 7.3 X 10~ —

100 K

0.58
0.13
0.92
4.25
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AKTVWBHbIE Cpeapbl TBepaoTe

11390 cm
Nd crekno

1.06 um
[MpeumMyLlecTBeHHasa obnacTtb Laser
NMPUMEHEHUSA — CBEPXMOLLHbIE aen
MMMNYJbCHbIE Na3epHble
CUCTEMBI.

— 2260 cm !
a9 < .
T 1950 cm

450 cm™!
290 cm
100 cm
0




Physical and optical properties of Nd-doped glasses

Glass type
du: Q-246 Q-88 LHG-5 LHG-8 LG-670  LG-760 TeM
~ Spectroscopic Silicate  Phosphate  Phosphate  Phosphate  Silicate  Phosphate
properties (Kigre) (Kigre) (Hoya) (Hoya) (Schott) (Schott)
A K peak wavelength (nm) 1062 1054 1054 1054 1061 1054
I (ross section (x 107" 2.9 4.0 4.1 42 2.7 43
cm?)
N d Fluorescence lifetime 340 330 290 315 330 330
(us)
Linewidth FWHM (nm) 21.7 219 18.6 20.1 278 19.5
Density (gnvem”) 2.55 271 2.68 2.83 2.54 2.60
Index of refraction (Nd) 1.568 1.545 1.539 1.528 1.561 1.503
Nonlinear coefficient 374 298 348 3.10 3.78 2.90
(107" cm*/W)
dn/dt(20 — 40°C) 29 —0.5 8.6 =53 29 —6.8
(10-6/°C)
Thermal coefficient of +8.0 +2.7 +4.6 +0.6 8.0 —
optical path (20 —
40°CX10%/°C)
Transformation point 518 367 455 485 468 —
(°C)
Thermal expansion 90 104 86 127 926 138
coefficient (20 —
40°CX1077/°C)
Thermal conductivity 1.30 0.84 1.19 — 1.35 0.67
(W/m=C)
Specific heat (J/g °C) 0.93 0.81 0.71 0.75 0.92 0.57
Knoop hardness 600 418 497 321 497 —
— Young's modulus 8570 7123 6910 5109 6249 —
(kg/mm?)
Poisson’s ratio 0.24 0.24 0.237 0.258 0.24 0.27
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Nd cTtekno: nornouweHue

LN

w

—t

Absorption cross sections (10'20 cmz)
~N

-

—

a(cm™) = o (em?)* [Nd] (em™)* ¢ (cm)
[Nd] = Nd concentration (ions/ cm’)
t = glass thickness (cm)

|

! l :

— LG-770
LI LHG‘8

\A__

i B
800

Wavelength (nm)

1000
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AKTUBHbIE cpeabl TBep;,
Nd cTtekno: nornoweHume

Absorption cross sections (102 ecm?)

a (em™) = o (em?)* [Nd] (cm™)* #(cm)
4 |- [Nd] = Nd concentration (ions/cm>)
t = glass thickness (cm) LG-770
snesnm s LHG-8
3 T ﬂ
2 =
1
0 LW \j\
1 I 2 | L 1
400 600 800
—10
—o3 YAG:Nd
—0.7
—086
—05
— 4
-—03 AR
—02 | L
—01
= - . T e—
ofa o.ls ofs o.l7 ovla 05



AKTUBHbIE Cpeabl TBEPAOTENbHbLIX /1a3epPoB

Nd cTtekno

Glass type
‘Silicate ' Phospllate

' e

NIF/Beamlet ;
Continuous

‘Nova/Novette (1992) :
melting
(1983 to 1987) (1997) (NIF)




AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Nd cTtekno: cucremMa Hakauku MowHoro ycunurensa ansa JITC




ional Ignition Facility at LLNL

Nat
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

CoaktuBaumna — ysennuyeHue KM npm wmMpokKonosioCHOMN HaKauyke
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Optical density
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AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

CoaktuBaumna — ysennuyeHue KM npm wmMpokKonosioCHOMN HaKauyke

Emission intensity, rel units

o.7‘1"l‘llllltlll‘lllllllllllllllllll_‘

3+ 7\ ¢t _:

0.6 Cr /’ \\ Emission B

/ \ w

Nd:Cr:GSGG - 3
8 i | \ =

" I. € 0.4} I \ =
£ | | \ =

2 0.l I \ .

.30.3 ] \ =

< /| \ -

0.2 { -

/, \\\ :

0.1 ” —=
071IllllllllJLJLlJllllllllllllllllllj

300 400 500 600 700 800 900 1000

Wavelength [nm]

In Nd:Cr:YAG the Cr*+ — Nd** transfer time of 6.2 ms
In Nd:Cr:GSGG the Cr*+ — Nd** transfer time 17 ps

shorter than the 230 us fluorescence decay time of Nd3+.




Output Energy [mdJ]

g

AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

CoaktuBaumsa — ysennuyeHue KM npm wmpoKonosioCHOM HaKauyke

o
=]
T

Cr:Nd: GSGG

Alexandrite

Cr: GSAG

M

20

40 60 80
Input Energy [J]

100

‘1tll‘rltl]rlll

~Cr3t
L o
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AKTUBHbIE CpeAdbl TBEPAOOTEJIbHbIX J1

1053 nm (0) 1313 nm (o)
or or
| 1047 nm {x) 1321 1im. (x)
; 4
Nd:YLF Ti3n
T
Index of Refraction
Wavelength no ne
350 1.473 1.491
525 1.456 1.479
262 1.485 1.511
1050 1.448 1.470
2065 1.442 1.464
Tablel -dn/dT
Wavelength Ellc Elc
436 nm -2.44 x 10-6 /°C -0.54 x 10-6 /°C
578 nm -2.86 x 10-6 /°C -0.91 x 10-6 /°C
1.06um -4.30 x 10-6 /°C -2.00 x 10-6 /°C




*Fyp
dnanyeckme OCHOBbI co3aaHunsa TBEPAOTEJIbHbIX
1053 nm (0) 1313 nm (o)
or or
AKTUBHbIE CDe/lbl TBEPAOTENbHbIX /1 7. -
Nd:YLF v "
1372
1 i Lasing wavelength (nm) 1053 (o)
Nd*+:LiYF,4 1047 () Y L
Index of refraction. A = 1.06 um np = 1.4481
n, = 1.4704
Fluorescent lifetime 480 us tion
Stimulated emission 1.8 x 107 %) e
Cross section (cm®) 1.2 x 107 %)
Density (g/cm’) 3.99 (undoped) 1.491
Hardness (Mohs) . 4-5 . 1.479
Elastic modulus (N/m~) 7.5 x 1010
Strength (N/m?) 3.3 x 107 1844
Poisson’s ratio 0.33 1.470
Thermal conductivity (W/Aecm K))  0.06 | 5 464
Thermal expansion a axis: 13 x 107°
| coefficient (°C~ 1) c axis: 8 x 107°
Melting point (°C) 825 n/dT
Elc
b /°C -0.54 x 10-6 /°C

578 nm
1.06um

-2.86 x 10-6 /°C
-4.30 x 10-6 /°C

-0.91 x 10-6 /°C
-2.00 x 10-6 /°C




Nd:YLF

AKTUBHbIE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Lasing wavelength (nm)

Index of refraction. 4 = 1.06

Fluorescent lifetime
Stimulated emission
Cross section (cm?)
Density (g/cm’)
Hardness (Mohs)
Elastic modulus (N/m?)
Strength (N/m?)
Poisson’s ratio
Thermal conductivity (W/(cm K))
Thermal expansion

coefficient (°C™ ')

Melting point (°C)

1053 (o)

np = 1.4481
fly = l.47()4

1.8 x 107%7(1)
1.2 x 107 %)
3.99 (undoped)
4-5

7.5 x 1019

3.3 % 107

0.33

0.06

a axis: 13 x 10~®
¢ axis: 8 x 107°
825

]
? | !
10 mm diameter x 76 mm |
40| YLF rod with 1% Nd doping .
|
|
20 I —
|
10 - I il
8 oo ' —
2. B | —
7
4 - l al
] |
2 / / Self-lasing-/ ~
./..’/‘ in YLF rod '
%‘ at 1047 nm
L | 1 1

200 Bank energy [J]




Jlekuns 9

AxmueHbvie cpedur
MmeepooOmeIbHblX
71a3epos
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Nd:YVOus

Nd:YAG: 6=3,5X10 " cm2

J1a3€PHbIX CUCTEM

T =230 us

Laser cross section 15.6 x 10719 ¢m?
Laser wavelength 1064.3 nm
Linewidth 0.8 nm
Fluorescence lifetime 100 us

Peak pump wavelength 808.5 nm

Peak absorption coefficient 34 (r polanzation)
at 808 nm (cm™") 10 (o polanzation)
Nd doping 1% (atomic Nd)
Thermal conductivity 0.05 W/ecm K
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dunsnyeckme oCHOBbI CO34aHUA TBEPAOTEJIbHbIX J1Ta3€PHbIX CUCTEM

AKTUBHbIE CpeAbl TBEPAOTE/bHbIX /1a3€POB

Laser cross section 15.6 x 10719 cm?
Laser wavelength 1064.3 nm
[ ]
N d " YVO4 Linewidth 0.8 nm
Fluorescence lifetime 100 us
Peak pump wavelength 808.5 nm
Peak absorption coefficient 34 (7 polarization)
at 808 nm (cm™") 10 (o polarization)
Nd doping 1% (atomic Nd)
Modulus of elasticity 133 Gpa
Tensile steaath S3INPa
hermal conductivity 0.05 \&@
40 - : n:l?
4 Knoop hardness 480 kg/mm’
a
30 4 "

oy
o
1

Absorption coefficient (cm™)
N
(e]
1

0 d 1 L 1 1 T T T |
800 810 820 830 840 850 860 870 880 830 900

Wavelength (nm)




dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTE/NbHbIX Na3epHbIX CUCTEM

AKTUBHblE Cpeabl TBEPAOTENbHbLIX JITA3EPOB

Pumping at the longer wavelength 1
defect efficiency (Stokes factor n;)fr

An optical-to-optical slope efficiency of 75% with pumping

H
o

w
o
1 A

at 880 nm was reported for a | mm thick Nd: Y VO, crystal R b i
doped at 1% "g
3 808
w
5000 |
a
c

—_
o
1 2

0

Absorption coefficient (cm™)
N
o
1

5 1 L 1 1 L 1 2 I p |
800 810 820 830 840 850 860 870 880 830 900

880

1064 nm

4
b1z

*ar2

Wavelength (nm)
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Terblum, Erbium,

were Isolated fron:n the black stone

and were named after the

HAS DESIGNATED
YITERBY MINE
here

.
AN HISTORICAL LANDMARK

Four periodic elements '— Ytirium

and Yiterbium

gadolinite min
Yiterby Mine.
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Energy Levels (cm")
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YAG:Er ¢ Bbicokoun
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22200 2

CTtekna ¢ HeBbICOKOU

MeagununHCKmne npnMmeHeHuns
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20000
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1572

L]
Eye-safe lasers

1372

600
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6600
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4
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480 to 530 nm

T
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4
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4
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Flashlamp
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Energy Levels (cm")
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AKTUBHbIE CEG,CI,bI TBeE

Er:YAG
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dunsnyeckmne oCHOBbI CO34aHUSA TE

AKTUBHbIE CEG,CI,bI TBeE,D,O

Er:YAG

S

s
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Trend of the water absorption coefficient
in the infrared wavelength
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Durmueckme NCHORKI CORNAHUG TRENNOTANKkHKIX NARRNHKIX CUCTEM

e YAG o Qv_," ) Do Dye Koo NIYAC
P& SlAT SN Steyn Arem MEern 10640
wal L v W Ry Do
1O | Sx2en | S | 0 08y | B8N0

. ERYAG co, i
. 2940nm  10600nm

Penetration depth through the skin tissue of different lasers.
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Ablative Erbium Yag Laser

Removal of moles

Before
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cross-sections (pm~2)

dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBeE,EI,OTeanbIX J1a3€epoB

4
I 9/2
Er:Yb-cTtekno Energy Transfer

20 2 F

e | 2. A l:> N\ 4

" /\ v 10x 10 us 111/2
T N 4
1o / \ I 132
2., / Pump
-3 | 940 nm Lasing
3 ¢ y/ \ strained layer InGaAs laser diodes 1540 nm

. \

S 72 15/2
880 900 920 940 Wavel:i(g)th [nm]QBO 1000 1020 1040
~~~~~~~ apsorption I\ Yb3+ Er3+
D53 EMMiSEion
04| Er:Yb:phosphate glass Emission wavelength 1.54 um
g 3 Fluorescent lifetime 8 ms
- X Index of refraction at 1.54 um  1.531
5 dnldT 63 x 1077 /°C
Thermal expansion («) 124 x 1077 /°C
Thermo-optic coefficient (W) —3x 10~7/°C




m Compact, just 96mm x 50mm x 32mm
m Lightweight <110g
m Easily integrated

m Versatile mechanical mounting
arrangement

Rugged design

o
m Measurement range <8m to 4Km
m High accuracy

[

Eye safe 1550nm wavelength

Homeland security

Multifunction image sensors

i}
)}

m Civil engineering
m Automotive & industrial metrology
B

Object tracking

Options

® Windows PC Starter kit

m Intoorated dAaveramara



dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBEE,D,OTeanbIX J1a3€epoB

Fiber side view

Low-index cladding

BO"OKOHHb|e YCMH nTesun *;:2;1!’ = , N :l);n:
(Er Doped Fiber Amplifiers, EDFA) e : o
oped core Pump light in
undoped outer core
End view '

Index profile

i

Vo
@
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Group 1 Ipynna_

- 00784 4.002602
i1 H 2 He
C W.Menpeneesa
" g OBpeMeHHast nepuoanyeckas cvcteMa anemexTos [.A.Mexaenees s
g 2.02/-
3 | Hy 2 Groups 1...18 IUPAC 1989 | 13 | 14 ] 15 16 | 17 123e¥
8 b
vopoA — i ¥ Helium
il /A lla ATONHAN MSTCA, OTHOCUTSMLHAN 186.2071| Atomic mass, relative Groups IA..VIIL...0 IUPAC 1970 llia Va Va_ | Via Vila Tenui
6.941| 9.012182 2 - 7 5 Re Fpynnit 1..18 MIONAK, 1989 10.811 12.011| 14.00674| 15.9994(18.9984032 | 20.1797
3 Lila Be ATomHbift Homep. O AtomicNo:Symbol reynnes 1A.viL.0 Mionak 19705 Ble Cl7 N8 O!9 F|10Ne
[He]2s' s Pacnpenenenue anektporos | [Xe] 4f"5d°6s” | Electron configuration 2s'2p’ 2s'2p® 2s'2p® 2s°2p* 2s°2p* 2s'2p°
2 180.54 1278 3 , 2210 ~3550 -209.86 -218.4 -219.62 -248.7
1347 2970 Temnepatypa nnaanekus (°C) 3180 | Melting point (°C) ~2600 4827 1958 | -182.96| -188.11| -246.05 —
0.98/0.97 | 1.57/1.47 TemnepaTypa kuneus (°C) 5627 | Boiling point (°C) 2.0;/2,01 255/2.50 | 3.04/3.07 | 344/3.50 | 3.98/4.10
Hpe oron Carbon Nitrogen Oxygen Fluorine
Lithium | Beryllium OneKTPOOTPMLATENIBHOCTL 1.9/1.46 | Electronegativity Bop | Yrnepon Asor | Kucrnopon @Top Neon
futui | Bepunnuid | (no Monmkry/no Annpeay u Poxosy) (Pauling/Allred & Rochov) Borum Nitrogenium | Oxygenium | _ Fluorum | Bao
22.989770 | 24.3050 Rhenium | Name 26.981538 | 28.0855 | 30.973761 32.086| 354527 39.948
11 Na 12Mg — 13Al|14 Si|15 P |16 _S|17Cl 18Ar
Ne)3s' , F 3s'3p’ 3s'3p* 3s'3p’ 3s3p* 3s'3p* 3s'3p*
3 INT3% g [© 648.8 Tatunckoe HassaHue Rhenium | Latin name . :80.37 *Pia12 | Paara |7 Pr1ze | T Ho00s| T L1892
883.15 1107 2467 2355 280 | 444674 -34.6 -185.7
0.93/1.01 | 1.31/1.23 1.61/1.47 | 1.90/1.74 | 2.19/2.06 | 258/2.44 | 3.16/2.83 i
Sodi —— g
Savon 3 ] 5 [ /6 N7 8 9 10 1 121 | Auminium || Sllicon | sulhur | Chionng|  argon
(Natrium) Marnwi lllb Vb Vb Vib \ Vib | Vil | Vil vk | b | IIb ‘AniommHmi Silicium Docop [Sultury Clorum Aprox
39.0983 40.078 | 44.955910 47.867 | 509415 51.9961 938046 55.845  58.933200 | 58.6934 63.546 65.39 69.723 72.61| 74.92160 78.96 79.904 83.80
& =F -
19 € [20C = |21Sc |22 Ti|23 24Cr |25 Mn/26Fe |27Co0 (28 Ni 29Cu |30Zn |31Ga |32Ge|33As |34Se (35Br |36 Kr
[Arjas’ as’ 3d'as’ 3d’as 3d'4s’ 3d%s' 3d’} 3d"as’ 3d'4s” 3d'as’ 3d"4s' 3d"4s” 3d"4s’ap’ |3d“ds’ap’ | 3d“4s’ap’ | 3d"4s™p’ |3d™4s’ap® | 3d“4s4p®
63.65 839 1244 1535 1495 1453 1083.4 419.88 817 -7.26
ot ool | | R A T LS| R R o o | | BE WG| SEER | WHR) L.R) RS
0.82/0.91 | 1.00/1.04 | 1.36/1.20 55/1.60 .83/1. .88/1. F .901. 1.65/1.66 2.18/220 : -96/2. 6.8 6V
Potassium 1.54/1.32 | 1.63/14. 1.66/1.56 Mfnganese R Cobalt Nickel Copper Zinc | 1-81/1.82| 2.01/2.02 e | 255/2.48 P s 6.8eV
Kanwia | C: T hromium p Measb Lk M Bpom Krypton
( ) | K | C Turan Xpowm f Manganum | Ferrum Niccolum Cuprum Zincum Fannui | Fepmanui CeneH Kpunton
85.4678 87.62 | 88.90585 91.224 | 92.90638 (97), 101.07 | 102.90550 106.42 | 107.8682 112.411| 114.818| 118.710| 121.760 127.60 | 126.90447 131.29
371215385139 Y 40 Zr|41Nb |42 Mo 43 Tc |44Ru 45 Rh 46Pd 47Ag 48Cd 49 In 50Sn|51Sb|52Te 53 /54 Xe
[Kr}5s' 55* 4d'ss’ 4d’5s* 4d'ss' 4d'5s' 4d'ss' 4d'ss' 4d'ss' 4d"™ 4d"ss' 4d"s58’ 4d"5s'5p' | 4d"5s'5p’ | 4d”5s'5p’ | 4d™5s’5p' | 4d“5s’5p* | 4d"5s5p"
5 38.89 769 1622 1852 2468 2617 2172 2310 1966 1552 961.93 320.9 156.78 231.88 630.5 4495 113.5 -111.9
687.2 1384 3337 4377 4742 4612 4877 (~3900) 3727 3140 2312 765 2080 2270 1750 989.8 184.35 -107.1
0.82/0.89 | 0.95/0.99 | 1.22/1.11 | 1.33/1.22 | 1.6/1.23 | 2.16/1.30 | 1.9/1.36 | 2.2/1.42 22115 2.2/1.4 1.9/1.4 1715 | 1781.5| 1.96/1.7| 20518 21/20| 266/2.2 5.85eV
tybdenus Anti
Rubidium | Strontium Yitrium Mo" 4 F C Sitverl ¢ Ono1;: réy’:::: Tellurium Io:l:; Xenon
Py6uawii | Ctporuwi WrTpwi | UnpxkoHnia Huobunin |Molybdaenum PyTtexunin Pogwin | Mannaguin (Argentum) " (Stibium) Tennyp lodum
132.90545 | 137.327 | 138.9055 178.46 | 180.9479 183.84 | 186.207 190.23 192217 | 195.078 | 196.96655 200.59 | 204.3833 207.2 | 208.98038 (210) | (210) (222),
' - -
55 = (5622 |57Lafl72 Hf|73Ta |74 W |75Re 760s 77 Ir|78 Pt|79Au/80Hg 81 Tl /82Pb |83 Bi 84Po85At (86 RN
[Xe]6s’, 6s* 5d'6s 4f“5d’6s’ | 4f'sd’8s’ | 4f'sd'es’ | 4f“Sd'es’ 4f“5d°6s’ 4f'5d’6s’ | 4f“5d%8s' | 4r‘5d@es' |4f‘5d'6s’ | 4f'5d"6s’6p’ | 4f'5d"6s'6p’ | 4f5d™6s'6p’ | 4f5d™6s’6p" | 47'5d"6s6p" | 4154 "6s'6p"
6 28.5 725 2227 2996 3410 3180 304 2410 1773.5 1064.43 -38, 303.5 327.5 2713 254 302 -71.0
678.4 1640 3454 4602 5425 5660 5627 5027 4130 3830 280 356.6 1457 1740 1564 96! 337 61.8
0.79/0.86 | 0go/0,97 | 1.10/1.08 1.31.23| 1.51.33 .‘?“;/"_;?‘ 1.9/1,46 22/1.52 2.2/1.6 22114 | 2.54/1.42 1.9/1.5 | 1.62/1.44 | 2.33/1.55| 2.02/1.67| 20/1.76| 2.2/1.86 516V
Lead | Bismuth Astati
Ousahm Barlum |L ¥ _Mo!!_n m) O F Gold pS ULy, Thallium cgm.: B:::nu Polonium Ac::: Radon
Uesnii u MyT
Bapuia Nawran Tauran Wolframium Paumia Ocmun 7 . Aurum Tannuia n Panon
(223) (226) (227), fz (262) (263), (264) (265), (268) | (269), « ), (277) « ) (289) | @ p.C.Caitcpynnun,
= R :
87+ (88122 |89Ac ||104 Rf 105 Db 106 Sg 107Bh |108 Hs 109 Mt 110 Uun'111 Uuu'|112 Uub|113 Unt 114Uuq | _APCaidynnun, 2004
R)7s' |78 6d'7s* 51“6d°7s" si'6d7s’| Bf'6d'7s’| 5r'6d'7s'|  B'6d'7s’|  56d7sY 5'6d7s | sr6d7s | 5ra7st | 5M'6d"7s7p! | 5r'6d"7s7p' | © R.S.Saifullin,
7 970 1050 A.R.Saifullin, 2004
67 1140 | (~3250)
0.7/0.86 | 0.89/0.97 1.1/1.0
F Actini Ununnitium (L L
Papwit | Axrunnit | Yryny Mar. 2004
;aEdllem:rhl' haf no s'gth; nuclllde's- For 116 | 140.90765 | 144.24 | (145)  150.36 |  151.964 157.25 | 158.92534 |  162.50 | 164.93032 167.26 | 168,83421 . E
oa ‘e elemen e value in
parenthases refers to the mimber o 58Ce 59 Pr 60Nd 61Pm 62Sm [63Eu |64Gd |65Tb |66 Dy 67Ho 68 Er 69Tm 70Yb |71Lu
nucleons (mass number) of the mo4 4f'6s’ o8 47'6s* a1 4f'6s’ v 4f'6s’ 1168,4?'65’ e 4f'6s’ i 41’56'63:;12 47°6s’ s 4f‘°65’14°9 4f"89’1474 4"’63’1529 49’65'1545 4f"6s* e 4f*5d'6s’
| 1663
Slable 'sm:‘;",f:‘u;‘:f «1995) 3512 3068 2460/ 1791 1597 3250 3123 2562 2695 2863 1947 1193
i i ~1.211 | ~1.2/1.1 12111 =121 ~1271.0| ~1244| ~1241 ~1211| ~1.214| ~1.214| ~1.2/11| ~12M11| ~q12.
uncna (uncno HyknoHos B Agpe) pas [of onwit | T o ﬂuuﬁ
;‘;%%:E‘{;‘:;‘”‘“““‘“m o (231) | (238) | (258), (259) (260) B
1)4"9':2!%; ish name 91Pa’ 92 U 93Np 94Pu | 95Am 100 Fm [101 Md [102No (103 Lr 60
meriLan s| g of the element's 5f6d'7s’ | 5f6d'7s’ | 5M'6d'7s’ | 5f7s’ 51757 ? 51275’ 575" 5178’ 516d'7s’
nam@ 1572 1132 639 996 | 1340 | 1050/ 900 = 3 & o
() AnbTepHaTMBHOE GHIMIMMCKOe 4230-4500 | 3818 3902 3340 2607 3110 2630 1227 - - - -
Haspanue 1.11/1.1 114011 | ~-12112 | 122112 12112 ~1.11.2 1.2/11.2 ~1.1/1.2! 1.2/1.2 1.3/1.2 1.2/1.2 1.3/- 1.3/-
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTerIbeIX J1a3€epoB
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. Group 1 Ipynna
la

- 1.00794
5|1 H
)
g CoBpemeHHas nepuoauyeckas cvctema anemexTos [1./1.Menaeneesa
g 2.02/-
3 [hdrouen 2 Groups 1...18 IUPAC 1989 13 | 14 15 16 | 17
il /A lia ATONHAN MSTCA, OTHOCUTSMLHAN 186.207 | Atomic mass, relative Groups IA..VIIL...0 IUPAC 1970 liia Va Va | Via Vila ?
6.941| 9.012182 ~ - 7 5 Re Fpynnit 1..18 MIONAK, 1989 10.811 12.011 14.00674| 15.9994(18.9984032 | 20.1797
3 Lila Be ATOMHLS HoMag: O AtomicNo.Symbol — rpynne a0 wionak 19705 B |6 C|7 N8 O|9 F|[10Ne
[Hej2s' 3 Pacnpeaenerue anextporos | [Xe] 4f'5d°6s” | Electron configuration 2s'2p' 25%2p° 2s%2p” 252p' 2s2p° 2s°2p"
2 180.54 1278 T G ol g oG 2210 ~3550 -209.86 -218.4 -219.62 -248.7
1347 2670 ‘emnepatypa nnaaneHus (°C) 3180 | Melting point (°C) ~2600 4827 1958 | -182.96| -188.11| -246.05 —
0.98/0.97 | 1.57/1.47 TeMneparypa kuneHHs (°C) 5627 | Bolling point (C) 204/201| 255250 | 3.04/3.07| 344/350| 398/410|
Hpe Boron Carbon Nitrogen Oxygen Fluorine
Lithium | Beryllium OneKTPOOTPMLATENIBHOCTL 1.9/1.46 | Electronegativity Bop | Yrnepon Asor | Kucrnopon @Top Neon
futui | Bepunnuid | (no Monmkry/no Annpeay u Poxosy) (Pauling/Allred & Rochov) Borum Nitrogenium | Oxygenium | _ Fluorum | SLED
22989770 | 24.3050 Rhenium | Name 26.981538 | 28.0855 | 30.973761 32.066 | 35.4527 39.948
11 Na 12Mg — 13 Al|14 Si(15 P|16_S|17Cl| 18Ar
Ne]3s' ] 9 3s'3p’ 3s'3p* 3s'3p’ 3s3p* 3s'3p* 3s'3p*
4 (oIS 86/ aasa TNaTuncKoe HassaHue Rhenium | Latin name S eonr | a1z | asaa|T ‘iize | -d00ss|  ise2
883.15 1107 2467 2355 280 | 444674 -34.6 -185.7
0.93/1.01 | 1.31/1.23 161147 | 1.90/1.74 | 2.19/2.06 | 258/2.44 | 3.16/2.83 i
Sodi g
Harpun i 3 T im— 7 5 11 12| Auminim | Silicon |, Suphur | Chione|  Argon
(Natrium) |~ “Marnwi 1iib @— Vb Vib Vib | v v Vi . lIb Anoumnmi | Silicium @ocdhop rSuitun Clorum Apron
39.0983| 40.078 W 47.867 | 509415 51.9961| 54.938046 55.845 | 58.933200 | 58.6934 63.546 30| 69723 7261| 74.92160 78.96 79.904 83.80
; . .
19 € ]200 1Sc|22 Ti|23 V |24Cr|25 Mn 26Fe 27Co |28 Ni29Cu 30 1Ga|32Ge |33As|34Se|35Br (36 Kr
[Arjas’ as’ 3d'as” 3d'4s” 3d'as” 3das' 3d'4s” 3d'4s’ 3d'4s” 3d'as’ 3d"4s' 3d"4s” s4p' |3d“ds’ap’ | 3d“4s’ap’ | 3d"4s™p’ |3d™4s’ap® | 3d“4s4p®
63.65 9 1244 1535 1495 1453 1083.4 419.88 817 -7.25
1 0adst | ooME |1 | (oBRL| 00| BT osl®| a0 | 1| 10y SR | 100 | vouiih| M| Lod| AR eS| L.itn| 3
0.82/0.91 | 1.00/ 1.36/1.20 1.55/1.60 .83/1. .88/1. F .901. 1.65/1.66 2.18/220 : -96/2. 6.8 6V
Bt 1.54/1.32 | 1.63/14.5 | 1.66/1.56 ol D0 i Cobalt Nickall| | ‘Coppar & 81/1.82 | 201202 | Z18230| 255248 T 686V
Kanwi | Calciu ci Map Xeneso = KoBanwr Hukens Meas M Bpom | Krypton
(Kalium) | Kansuwi Xpom | Manganum | Ferrum Cuy cum Fannwi | Tepmanuni CeneH KpunroHn
85.4678 87.62 92.90638 95.94 (97), 101.07 | 102.90550 106.42 112.411| 114818 118710 121.760 127.60 | 126.90447 131.29
37Rb |38 Sr 47Ag (48Cd 49 In|50Sn 51Sb|52Te (53 |54 Xe
[Kr}5s' 55° 4d'ss’ 4d'5s* 4d'ss' 4d'5s' 4d'ss' 4d'ss 58' 4d"™ 4d"ss' 4d"58 4d"5s’5p' | 4d"5s'5p’ | 4d”5s'5p’ | 4d*5s'5p' | 4d”5s’5p | 4d"'5s'5p’
5 38.89 769 1522 1852 2468 2617 2172 2310 1966 1552 061.93 320.9 156.78 231.88 630.5 4495 1135 -111.9
687.2 1384 3337 4377 4742 4612 4877 | (~3900) 3727 3140 2312 765 2080 2270 1750 989.8 184.35 -107.1
0.82/0.89 | 0.95/0.99 | 1.22/1.11 | 1.33/1.22 | 1.6/1.23| 2.16/1.30 | 1.9/1.36  2.2/1.42 22115 2.2/1.4 1.911.4 17115 | 1.781.5| 1.96/1.7| 20518 21/2.0| 266/2.2 5.85eV
lybdenu Anti
Rubidium | Strontium Yitrium Mo" 4 F C Sitverl ¢ Ono.l;: r(‘:y’:::: Tellurium Io:l:; Xenon
Py6uawii | CtpoHuwin WrTpwi | Umpxonnia HWobW# | Molybdaenum PyTexni Popwi |Nannanuit | (argentum) " (Stibium) Tennyp lodum
132.90545 | 137.327 | 138.9055 178.46 | 180.9479 183.84 | 186.207 19023 | 192217 | 195078 | 196.96655| 200.59 | 204.3833 207.2 | 208.98038 (210) | (210) (222)
~ r ¥
55 = (5622 |57Lafl72 Hf|73Ta |74 W |75Re 760s 77 Ir|78 Pt|79Au/80Hg 81 Tl /82Pb |83 Bi 84Po85At (86 RN
[Xe]6s’, 6s* 5d'6s 4f“5d’6s’ | 4f'sd’8s’ | 4f'sd'es’ | 4f“Sd'es’ 4f“5d°6s’ 4f'5d’6s’ | 4f“5d%8s' | 4r‘5d@es' |4f‘5d'6s’ | 4f'5d"6s’6p’ | 4f'5d"6s'6p’ | 4f5d™6s'6p’ | 4f5d™6s’6p" | 47'5d"6s6p" | 4154 "6s'6p"
6 28.5 725 920 2227 2996 3410 3180 304 2410 17735 |  1064.43 -38, 303.5 327.5 271.3 254 302 -71.0
678.4 1640 3454 4602 5425 5660 5627 5027 4130 3830 280 356.6 1457 1740 1564 96! 337 61.8
0.79/0.86 | 0go/0,97 | 1.10/1.08 1.3/1.23 | 1.5M1.33 .‘?“;’"_;"" 1.9/1,46 | 22152 22/1.6 22114 | 254/1.42 1.9/1.5 | 1.62/1.44 | 2.33/1.55| 2.02/1.67| 2.0/1.76| 2.2/1.86 516V
Lead | Bismuth Astati
Ousahm Barlum |L ¥ _Mo!!_n m) O F Gold pS ULy, Thallium cgm.: B:::nu Polonium Ac::: Radon
Ueanii C u MyT
Bapuia Nawran Tauran Wolframium Paumia Ocmun 7 . Aurum | (Hydesrgyrum) Tannuia n Panon
(223) (226) (227), fz (262) (263), (264), (265), (268), (269) | ), (277), () (289) | @ p.C.Caitcpynnun,
e [ ] A
87+ (88122 |89Ac ||104 Rf 105 Db 10659 107Bh 108 Hs' 109 Mt|110 Uun’111 Uuu|112 Uub|113 Unt 114Uuq | _APCaidynnun, 2004
Rn)7s' |78 6d'7s* 51“6d°7s" si'6d7s’| Bf'6d'7s’| 5r'6d'7s'|  B'6d'7s’|  56d7sY 5'6d7s | sr6d7s | 5ra7st | 5M'6d"7s7p! | 5r'6d"7s7p' | © R.S.Saifullin,
7 7 970 1050 A.R.Saifullin, 2004
67 1140 | (~3250)
0.7/0.86 | 0.89/0.97 1.111.0
F Actini D b Ununnitium (L L L L
Panuii | A i ||| P Ay Cubop Bopui i | YryHy | Yuywrpuin | Y H N
;aEJlem:R: ha? no sfgb:; nucllldel; For 140.116 | 140.90765 | 144.24 | (145) 150.36 |  151.964 157.25 | 158.92534 | 162.50 | 164.93032 | 167.26 Jf 16893421\ 173.04 174.967
oa e elemen e value in |
parenthases rafers to the nimber of 58Ce 59 Pr 60Nd 61Pm 62Sm |63Eu |64Gd |65Tb |66 Dy 67Ho 68 Erf69Tm yoYb |71Lu
nucleons (mass number) of the most 4f'6s’ . 47'6s* a1 47'6s* v 4'6s* 1168,4?'65’ e 4f'6s’ i 4F5d'§13:;12 465’ s 4f‘°65’14°9 4f"69’1474 4"’63’152 49’65'1545 “6s’ e 4f“5d'6s”
i 1663
stable lsm:;;e"(:‘u::c 1935 3426 3512 3068 2460/ 1791 1597 3250 3123 2562 2695 286 1947 1193 3302
i i ~1.2/11 | ~1.2111  ~1.211.1 1211, ~-1.211 | =120 =~1241| =-1.211 ~1.2M11 =~-1.2/1.1 | =~1.2/1. ~1.2/1.1 | =121 | ~q1211
Lot Cerium P P =] Dy Erbium T L
4Mcna (YMCNo HYKNoHOB B Agpe) Uepwii | Mpaseogum | Heogum | p: Ci CHLE P G Ipbui \ ‘I’ynn# Witepbui | JlioTeuwia
;‘;%5;:;‘1‘;‘;’;""“""“‘"° IO, (232) (231) | (238) | (239) (239) | (243), (247) (247) f) (251) (257), ), (259)_ (260) -
1)4lter:zlvex ish name 90Th (91Pa 92 U 93Np 94Pu 95Am | QGCm |97 Bk (98 Cf [99Es 100 Fm |101 Md |102No (103 Lr 62
meriLan s| g of the element's Sd’7s 5f6d" 7s 5P6d'7s’ | 5('6d'7: 5175 51757 5"6d 7" 51°7s’ 578" 51275’ 575" 5178’ 516d'7s’
nama 572 | 1132 B30 | 641 996 | 1340 | 1050 860 - - - -
() AnsTepHaTMBHOe aHMMIACKOR (-3800) 4230.4500 [ 3818 3902 3340 | 2607 3110 2630] 1227 - - - - -
HAIBAHUE 11111 | 1,141 ‘ ~12M1.2 | 122112 12112 ~1.112 1.2/1.2 ~1.1/1.2! 1.2/1.2 1.3/ 1.3/1.2 1.2/1.2 1.3/~ 1.3/-
[ ] AMepukaHckoe HanucaHue 4 =2 S 4 = 3 S A
Th L P Americium Curium El L
HESOIHER IS Topwit npo'rlmmi Ypau | Hentyuui | lMnytoHuin ] A m ‘ Depmuin H @A |




dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTEJ'IbeIX J1a3€epoB

NepecTpanBaeMmblie na3sepbl

Ti Al 0,

[==o2i] Cr3*:BeA1204

— Cr“:MngiO4

Tm 3*:YAG EE—

Co™ R R e

| | |
0.4 06 08 10

| | | | | | |
1.2 1.4 1.6 1.8 2.0 2.2 2.4

Wavelength [um]
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B nasepax Ha 3/IeKTPOHHbIX nepexoadax NMHUKN Y3KN. B nepecTtpanBaeMblX
nasepax B Aesno BCTynatoT KonebaTesbHble NOAYPOBHU CNEKTPA,
CBsi3aHHble C B3aUMOAENCTBMEM FrEHEPUPYIOLLENO MOHA C PELLIETKOM
((pOHOHbI). DNEKTPOH-(MOHOHHOE B3anMoAenCcTBme co3aaeTt konebartenbHble
NoAypOBHU, pa3MbiBaoOLME y3KME NMHUM B Nonocbkl. Obwasa aHeprus
Na3epHoOro nepexoaa COXpaHSAETCs, pacrnpeaenssacb Mexay MHOXeCTBOM
dOTOH-(POHOHHbIX Nap, Tak YTO SHEPIrna N3NYYEHHbIX DOTOHOB N3MEHSETCS
(kBa3n)HenpepbiBHbIM 06pa3oM, U NpU KaXKAOM aKTe U3nydyeHns doToHa

N3y4YaeTCs UM NOraoWaeTcss TakxXe n (poHOH.
“Vibronic lasers”

4 2 % 2 = /
r BEZZ772222) 2 E A= A5
M A . . lenepouus
B2 ZZZ222) 3 =r 77 ke M@KpmpOHHO-
2A KOO TTIENE HOM
; 7 2 § '/ /| nepexode
3 2 SIS \J.E 5 g\‘ (730+ 800 nm)
¥| S g & Az S /
ol o8 o 3 ,
LS Q f %W <
< X
g <
[ i 4 o=
A; KoneSamensnast roepdriama

3

3+ +,
Cr” " :Al,03 (pybuH) Cr .BeAI204 anekcaHapwuT



Cnepncreus:
1)BpeMs »n3HN BO36YXAEHHONO COCTOSIHUS s = 1/Ay;

2)MonepeyHoe cevyeHue BbIHYXAEHHbIX NepPeEXooB o~ Ay

:> ANA nepecTtpamBaeMblX na3zepoB nnu nasepoB YK xapaKTepHbl
Masible 3Ha4YeHna o WIN  T; nnm obounx!

TpebytoTcst 60MblUMe MOLLHOCTM Hakauyku E=) Hakadka J14 unu

nasepHas.
“Vibronic lasers”

4 - % o,
A e | 3|2z AE= i,
N G . . lenepouus
f EZ/'/, Lz 2 & =r 77/ we MEI{pmpOHHO-
2A KOO TTIENE HOM
; o 2 § '/ /| nepexode
s = =T = 7 \ < | (730+ 800 sm)
3| § g £ Az ] /
NS o N ,
LS Q f %W <
< X
g <
[ i 4 o=
A; Konebamensnas rocpdirama

Cr3+ :BeAl 204 anekcaHaput

— 3t
Cr :Al,03 (pybuH)



dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBEE,D,OTeanbIX J1a3€epoB

NepecTpaBaeMbie na3epbli: UICTOPUA

1963: Bell System Labs Ni:Mng

n panee Ni, Co, V B maTpuuax Man. MgO, MgFg, Zan
1.12-2.17 um
MepBblii HE-KPUOTEHHDbIM "'BMOPOHHBIN" nasep - 1974r.
Ho:BaY,Fg 2.17 um
1977 r.: nasep Ha anekcaHgpuTte (BeAlg 04 C XpOMOM )

0.7-0.8 um
CepepguHa 1970-x rr.: MIT Lincoln Lab:

I ) Hakauka 1.3 um Nd
NE, ¥ > o6nactb nepectpoiikn 1750 - 2500 nm
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dunsnyeckme oCHOBbI CO34aHUA TBEPAOTEJIbHbIX J1Ta3€PHbIX CUCTEM

AKTUBHbIE Cpeabl TBEPAOTENbHbLIX 1a3epPOB

J1azepbl Ha ocHoBe Cr. 1) AnekcaHapuT BeAlgO4:Cr3+

Ha3BaH B 4yecTb AnekcaHgpa II
[lpenoaHeceH B AeHb ero 16-netus
16 anp. 1834 r. J1. A. llepoBCKuNM.




dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBEE,D,OTeanbIX J1a3€epoB

J1azepbl Ha ocHoBe Cr. 1) AnekcaHapuT

Laser wavelength (nm)

Stimulated emission cross section (cm?)
Spontaneous lifetime (ps)

Doping density (at.%)

Fluorescent linewidth (nm)

Gain coefficient for 1 J/em? stored energy (cm—1)
Index of refraction (750 nm)

Thermal expansion

Thermal conductivity (W/cm K):
Melting point (°C)

Hardness (kg/mm?)

700-818
1.0 x 10~20
260(T = 298 K)
0.05-0.3

100

0.038-0.19
E||b1.7421
11b6.1 x 1076 /K
0.23

1870

2000
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTerIbeIX J1a3€epoB

J1azepbl Ha ocHoBe Cr. 1) AnekcaHapuT

]

51 Alexandrite
T 0.063 at.% Cr®*
RE |
S
=
5 For Polarization: / \
- . ~——Ella
=
‘g / Ellb
g 1 / Ellc

0

— 400 500 600 700

Wavelength [nm] >




dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,EI,bI TBeE,EI,O'I 100

J1azepbl Ha ocHoBe Cr. 1) Ane

T

T,

2E

Pump

_4A2

680 nm

Lasing
701818 nm 40
30
2
Phonon - 2
relaxation LB
10
Ground h 0
level

T

Z ;
L927T=310°C
A

;/T = 275°C

- T=30°C

T =172°C
7

_T=105°C

1

15

100

200
T [°C]

1
300

L00



dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBeE,EI,OTeJ'IbeIX J1a3€epoB

J1azepbl Ha ocHoBe Cr. 1) AnekcaHapuT

NMYBUHA NMPOHUKHOBEHWA JIASEPA

anuaePmuc | |

NANMNUNNAPHAAR OEPMA

PETUKYNAPHAA NEPMA

IMYBUHHBIE CNOU AEPMbI

MTMNOAEPMA
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dunsnyeckme oCHOBbI CO34aHUA TBEPAOTEJIbHbIX J1Ta3€PHbIX CUCTEM

AKTUBHbIE CpeAbl TBEPAOTE/bHbIX /1a3€POB

J1azepbl Ha ocHoBe Cr. 1) AnekcaHaopuT

NMYBUHA NMPOHUKHOBEHUA NNASEPA

SMNUAEPMUC
NANMUNNAPHAR OEPMA

PETUKYNAPHAA NIEPMA

TMYBUHHBIE CNOU AEPMbI

TMNOAEPMA




dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBEE,D,OTeanbIX J1a3€epoB

J1azepbl Ha ocHoBe Cr. 2) lNMpoumne

Cr-cogepiKalume rpaHarbl.

C3A3[|)3O13 700-950 nm Hanbonee nonynapeH 6bin
D —Ga 28070 s G9SCGG(GSGG)

A =Ga,Sc,Lu

C=Y,Gd; s Lu

Q@opcrepuT:Cr

Cr*T:Mg,SiOy

1167—1345 nm

Monoca nornouweHus 850—-1200 nm

25 LLS 1.44 x 1071° cm?
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTEJ'IbeIX J1a3€epoB

J1azepbl Ha ocHoBe Cr. 2) lNMpoumne
Cr:LiSAF. Cr’**- LiSrAlF,

4.8 x 10720 ¢cm?

Cross section [1072° cm?)

H

N

830 nm

Cr:LiSAF  Glass
Thermal shock resistance (W/m!/?) ~0.4 ~0.4
Fracture strength (kg/mm?) 3.9 5
Thermal expansion coefficient (x1076/°C) 22 11.4
Young’s modulus (Gpa) 100 50
Microhardness (kg/mm?) 197 ~500
Fracture toughness (MPam'/2) 0.4 0.45
Thermal conductivity (W/m K) 3.09 0.62

Wavelength [nm]

1 b L] b I L4 ] ¥ I ' I 1
- LiSrAlFg:Cr3+
Ellc
] T= 295K
i Absorption
Emission
- 780—920 nm
1 l | | . 1
1 | | | X | I |
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BosmoxxHa Hakauka 14 AlGalnP 670 nm

wiv paske AlGaAs 752 nm

A3 BbICOKOro Ka4yectsa BnaoTb go dia.25 mm
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Jlekuns 9

AxmueHbvie cpedur
MmeepooOmeIbHblX
nazepos (oxonuanue)
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dunsnyeckme oCHOBbI CO34aHUA TBEPAOTEJIbHbIX J1Ta3€PHbIX CUCTEM

AKTUBHbIE cpeabl TBEPAOTE/bHbIX JTA3EPOB

Ti-candup 1 (‘)I’ifﬂphlre Absor:ptuonlElssion Spectra
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBeE,EI,OTe}'IbeIX J1a3€epoB

Ti-candump Jloctynubr AD 1o dia.35 x 150 mm
Index of refraction 1.76
Fluorescent lifetime 3.2 us
Fluorescent linewidth (FWHM) 230 nm
Peak emission wavelength 780 nm
Peak stimulated emission cross section
parallel to c-axis oy ~ 4.1 x 10717 cm?
perpendicular to c-axis o1 ~2.0x 10719 cm?
Stimulated emission cross section
at 0.795 pm o = 2.8 x 10717 cm?

Quantum efficiency of
converting a 0.53 pm photon
into an inverted site nQ ~ |
___ Saturation fluence at 0.795 um Es = 0.9 J/cm?
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dunsnyeckme oCHOBbI CO34aHUA TBEPAOTEJIbHbIX J1Ta3€PHbIX CUCTEM

AKTUBHbIE CpeAbl TBEPAOTE/bHbIX /1a3€POB

Ti-candwmp

Jloctynmubr AD 1o dia.35 x 150 mm
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du3nyeckme 0CHOBbI CO34aHNS TBEPAOTES

AKTUBHbIE cpeabl TBEPAOTES

y

Ti-candpup

3900S CW Tunable
Ti:Sapphire Laser

Tunable, CW output from
675 to 1100 nm.

Pumped with either an
argon ion laser or 532 nm .
diode-pumped solid state ) m"w\
laser, the Model 3900S solid flter -
state Ti:Sapphire laser
produces up to 3.5 W of

Ti:sapphire

signal output i

00 i % folding = :)ump b‘:amb
&' mirror == Intracavity beam
beam i overlapping beam
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dunsnyeckme oCHOBbI CO34aHNSA TBEPAOTENbHbIX

AKTUBHbIE CEG,CI,bI TBeE,EI,OTe}'I bHbIX

Ti-candpup

tuning Tesapphire thick etalon, unidirectional fast reference

mirror crystal plezo driven device plezo cavity
IWE 9
= S Ee & o

4 0
A 2N ——c22——C)——»
%//"ﬁ N M oy
E-O thin birefringence output E-O
modulator  etalon, filter coupler telescope  modulator
motor 3 plates,

driven motordriven

Highest output power available >6.5 W

Narrowest linewidth <30 kHz
Wavelength tuning of resonator over 50 GHz
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBeE,EI,OTeJ'IbeIX J1a3€epoB

Ti-candpup

..... Phase locking
-Jelectronics |} | 6 W cw pump [N
+ |Freq. ; hl CEJ N\
““lgenerator Frmmemeceoeooe————--£a O FIBINY G DUMD
:| Ti:sapphire
U& :| oscillator o
Vacuum chamber »
PPLN [ (=2 A
Grating | : v /
ﬂ Chirped mirror
compressor
APD L
: ; Grating PPLN
LPH Measurement D DC'%'/
"1 device
\ / Wedges

APD Microscope

objectives

1.6 4

E 1.5 o
L]
1.44|%10 o
2 o
1 305 o
1.21|a o
0 o
| 0 01 02 03 04 A
Saad power (W) ___/
“/

o
@
1

Output power (W)
o

g
D
L

o
F
E

IIIIIIIIIIIIII

0o 2 4 6 8 10 12
Pump power (W)

14 16 18 20

Triangles: sub-7 fs pulses, circles:
~200 fs pulses.

Seed power : 500 mW (for

sub-7 fs) pulses;400 mW (for
~200 fs)

Inset: seed power for 200 fs
pulses, 18.5 W of pump power.
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dunsnyeckme oCHOBbI CO3aHUSA TBEPA

AKTUBHbIE CEG,EI,bI TBeE,EI,OTerI

Thulium: [uTto-TO]

Tm’t 3
Ho:Tm 4 S .@
Haxkauxka JIJ[ GaAlAs 785 nm 285nm
SELF—-QUENCHING
Tm:YAG PUMP \\ :
Tm:YAP . e
Tm:YLF e\
Ho:Tm:YAG \\
Ho:Tm:YLF 2pm y [[2#m
LASER LASER

3+ 3+
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTEJ'IbeIX J1a3€epoB

Tm:YAG

IInk m3nydenus 2.02 um
[ITupuna muanm mromuHecueHumu 400 nm.
O6utacTh epectporiku 1.87—2.16 um

OO0uacth moromnieHuss /85 nm -
[IIuprHa TOJIOCH MTOTJIONIEHUS 4 nm : d
(Bo3mozxkHa Hakauka JIJ[ GaAlAs ) . %ep .
. | |
Effective cross section at 25°C 2 x 1072l ecm? 4 Q.61 g
[
Fluorescence lifetime 10 ms S F y
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTEJ'IbeIX J1a3€epoB

Tm:YAG
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTEJ'IbeIX J1a3€epoB

Yb:YAG

Intensity [arb. units]
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dunsmnyeckmne oCHOBbI CO3a4aHNA TBEPAC

AKTUBHbIE CEG,EI,bI TBeE,EI,OTeJ'II

Yb:YAG
2 F5/2
941 nm 1030
pump Iasan
*Frr2 —

Intensity [arb. units]
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBEE,D,OTeanbIX J1a3€epoB

Yb:YAG

Laser wavelength

Radiative lifetime at room temperature
Peak emision cross section

Peak absorption wavelength

Pump bandwidth at 941 nm

Doping density (1% at.)

1030 nm

951 us

2.1 1022 cr?
941 nm

18 nm

1.38 x 1020 cm?
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBEE,D,OTeanbIX J1a3€epoB

Yb:YAG
Laser wavelength 1030 nm
‘1.‘ \ 3 ol q -00om te 3.‘. r LS
Radiati §!|tet1111e funu.m temperature 951 ps i Yb:-YAG 90 (1%
Peak emision cross section 2.1 x 107 em” |fiig 0
. | 043 nm
Peak absorption wavelength 941 nm
Pump bandwidth at 941 nm 18 nm
Doping density (1% at.) 138 x 1020 cm?® || N&:YAG 249  32%
808 nm

Stokes shift
fract.therm.loading




dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,D,bI TBeE,EI,OTEJ'IbeIX J1a3€epoB

Yb:YAG

IIpu T~300 K HacereHHOCTh HUKHETO YPOBHA ~5.5%

[ToporoBast MOIIIHOCTh HAKAYKKU: [ = f,n /v, /T
; 2 S L o

2F, =—=xV mHac: f. = 0.055,

g — 38 EEl0l cme "l % deping

hin =02 SO A

s = 0.95 ms

941 nm |
pump — > =17 kW/m’
a quasi-three level system
2/:7/2 612
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE Ceeﬂ,bl TBeE,EI,OTEJ'IbeIX J1a3€epoB

Yb:YAG
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dunsnyeckme oCHOBbI CO34aHUSA TBEPAOTENbHbIX Na3epHbIX CUCTEM

AKTUBHbIE CEG,CI,bI TBeEﬂ,OTeanbIX J1a3€epoB

@#32x60 mm

1 A L i | 1 A ]

0 250 500 750 1000 1250 1500 1750 2000

Diode power [W]

—a— 46 W pump power
—&— 183 W pump power
symbols: experimental data
dashed lines: numerical resuits
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