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solid state lasers (excluding semiconductor lasers)

matrix + dopant

isolators=crystals + glass + ceramics transient metals
rare earth metals

Matrix:
oxides:  sapphire (Al2O2)

alexandrite (BeAl2O4)
YAG – alumimium itrium garnet (Y3Al5O12)
………

fluorides: LISAF (LiSrAlF6)
YLF (YLiF4)
………

tungstate KY(WO4)2

KGd(WO4)2

…………

Important parameters:
• bandgap
• thermal conductivity

• thermal lensing 
𝑑𝑛

𝑑𝑇

• mechanical properties

• FOM ,     FOM =
𝛼𝑝

𝛼𝑙



• transient metals
• lanthanides 

dopants



Transient metals: atoms with the 𝑑 shell partially empty

example: 𝑇𝑖: 𝐴𝑙2𝑂3

Electronic configuration of Ti:  1𝑠22𝑠22𝑝63𝑠23𝑝63𝑑24𝑠2 = 𝐴𝑟 + 3𝑑24𝑠2

In sapphire crystal the titanium atoms sheds 3 electrons to become 
𝑇𝑖3

+
with electronic configuration 𝐴𝑟 + 3𝑑1

Optical transitions – excitations of the 3𝑑 electron
The 3𝑑 electron occupies an external shell and thus its energy levels are 
sensitive to external perturbations. In effect, the transitions frequencies 
depend on the crystal matrix and strong coupling with phonons is 
observed

Lanthanides: atoms with the 𝑓 shell partially empty 

example : 𝑁𝑑: 𝑌𝐴𝐺

Electronic configuration of Nd atom :  1𝑠22𝑠22𝑝63𝑠23𝑝63𝑑104𝑠24𝑝64𝑑104𝑓45𝑠25𝑝66𝑠2 = 𝑋𝑒 +
4𝑓45𝑠25𝑝66𝑠2

𝑁𝑑3+ ion has electronic configuration:   𝑋𝑒 + 4𝑓35𝑠25𝑝5; optical transitions  correspond to 
excitations of the 𝑓 electron. It occupies 4𝑓 shell which is well shielded by 5𝑠, 5𝑝 and 6𝑠 outer 
electrons. 
Frequencies of optical transitions are not very sensitive to the matrix. 
Nd:YAG 𝜆 𝑙=1,064 𝜇m
Nd:YLF 𝜆 𝑙=1,047 𝜇m

Ti:Al2O3

dopants



neodymium doped materials energy levels of Nd3+

YAG YLF glass

thermal conductivity, W/(m∙K) 13 6 0.8

𝑑𝑛/𝑑𝑇 [1/K] 7∙10-6 4.3∙10-6

2∙10-6

2∙10-6

𝜏 [ms] 230 480 800

𝜆𝑙 [mm] 1.064 1.047 1.059

𝜎 [cm2] 1.8∙10-19 2.4∙10-19

Δ𝜈 [cm-1] ≈6 ≈6 ≈300

𝑁𝑑: 𝑌𝐴𝐺 − 𝑌3𝐴𝑙5𝑂12: 𝑁𝑑
3+

𝑁𝑑: 𝑌𝐿𝐹 − 𝑌𝐿𝑖𝐹4: 𝑁𝑑
3+

….



energetic structutre of Nd3+

Nd:YAG



Nd:YAG

fluorescence spectrum of Nd:YAG crystal

Laser crystals are pumped by:

• another laser

• flash lamp

• sunlight

• ???? 

absorption  spectrum of Nd:YAG crystal



alexandrite

BeAl2O4:Cr3+

saturating fluence 40J/cm2 !



Ti:Sapphire

Al2O3:Ti3+

tuning range 690-1060 nm  !



ytterbium doped laser materials

np. Yb3+:YAG

very small Stokes shift

EDA (Erbium Doped Amplifier)
fiber oscillators and amplifiers

erbium doped laser materials



Nd:YAG – flash lamp pumping

flash lamp
laser rod

elliptical mirror



Nd:YAG crystal absorption spectrum

emission spectrum of the krypton lamp
𝜎
𝑒
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.

𝜎
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.

Let’s normalize Nd:YAG absorption spectrum and 
the flash lamp emission spectrum:

 𝜎𝑎(𝜆) 𝑑𝜆 = 1,  𝜎𝑒(𝜆) 𝑑𝜆 = 1

Then the overlap integral

𝜂𝑝 =  𝜎𝑒 𝜆 𝜎𝑎 𝜆 𝑑𝜆 ≤ 1

Is a good measure of how well the lap’s 
spectrum matches the absorption spectrum.
In the case of Nd:YAG crystal and a krypton lamp 
(the best available) we have 

𝜂𝑝 ≪ 1

In addition the short wavelength part of the 
spectrum absorber by the crystal heats it up.

Nd:YAG – flash lamp pumping, 2



Nd:YAG – diode pumping

The absorptions spectrum of  Nd:YAG is typical for 
most laser crystals – it consists of many narrow 
peaks with little absorption in between. It is a much 
better strategy to use a narrowband source with the 
wavelength matched to one of the peaks. 

gain medium 𝝀𝒑 [nm] diode laser 

Nd:YAG 808 GaAlAs

Yb:YAG 941 InGaAs

Nd:YVO4 809 GaAlAs

Nd:YLF 798 GaAlAs

Cr:LiSAF 670 AlGaInP (low power!)

Yb:KYW 975 InGaAs



longitudinal pumping

monolithic Nd:YAG laser

T. J. Kane, R. J. Byer, Opt. Lett.10, 
65 (1985)

Nd:YAG – diode pumping, 2

P. Wasylczyk and C. Radzewicz, 
Laser Physics 19, 129 (2009)

Yb:KYW



efficiency 48%
slope efficiency 60%

undoped cup
doped region

• the cups allow to cool uniformly all the pumped 
part of the crystal

• diode laser 550W, 3x4mm2, NA=0.42
• the rod has a polished cylindrical Surface and acts 

as waveguide for the pump beam
• double-pass of the pump beam – small gain 

gradient along the crystal axis
• poor quality of the output beam, M2=80

Nd:YAG – diode pumping, 3



Nd:YAG – diode pumping, 4



commercial Diode-Pumped Solid State Laser (DPSSL)



comercial flashlamp-pumped solid state laser

Q-switched lasers



comercial flashlamp-pumped solid state laser, 2



The limitation for the average power of a solid state laser 
comes from the heat deposited in the laser crystal. The scaling 
depends on dimensionality:

heat management in the laser crystal

Bulk crystal – a cube. Scaling: 
• thermal power ∝ 𝐿3

• heat removal proportional the crystal surface ∝
𝐿2

• cooling efficiency ∝  1 𝐿

crystal disc

cooler

Flat (2-D) – a disc of constant thickness. Scaling:
• thermal power ∝ 𝐿2

• heat removal proportional the crystal face 
surface ∝ 𝐿2

• cooling efficiency does not depend on the 
area of the crystal surface



Assume the crystal to be a long cylinder with length 𝐿 >> 2𝑟0= diameter

The heat is uniformly deposited in the whole volume of the crystal, heat 
is removed through the cylindrical surface of the crystal which is kept at 
temperature of the cooling liquid 𝑇0

• thermal power density 𝑄 =
𝑃𝑡ℎ

𝜋𝑟0
2𝐿

, with 𝑃𝑡ℎ being the total power 

delivered to crystal as heat 
• thermal conductivity 𝜆𝑡ℎ

Let 𝑟 be the distance from cylinder axis. Heat diffusion equation 
𝑑2𝑇

𝑑𝑟2
+
1

𝑟

𝑑𝑇

𝑑𝑟
+
𝑄

𝜆𝑡ℎ
= 0

has the solution

𝑇 𝑟 = 𝑇0 +
𝑄

4𝜆𝑡ℎ
𝑟0
2 − 𝑟2

The maximum temperature difference is 

𝑇 0 − 𝑇 𝑟0 =
𝑄𝑟0

2

4𝜆𝑡ℎ
=

𝑃𝑡ℎ
4𝜋𝜆𝑡ℎ𝐿

The longer the rod the smaller is the temperature gradient. In the limit 
we have a fiber laser. 

cooling

bulk – laser rod



disc geometry

Assume the crystal to be thin – its thickness ℎ is 
much smaller than 𝑟𝑝. In this case the heat flow is 

in one direction only – towards the cooler. The 
corresponding heat diffusion equation gives the 
temperature distribution along the disc axis

𝑇 𝑧 = 𝐼𝑡ℎ𝑅𝑡ℎ,𝑑
𝑧

ℎ
−
1

2

𝑧2

ℎ2

𝑅𝑡ℎ,𝑑 =  ℎ 𝜆𝑡ℎ - thermal resistivity of the disc

The maximum temperature difference 

𝑇 ℎ − 𝑇 0 =
1

2
𝐼𝑡ℎ𝑅𝑡ℎ,𝑑 =

𝑃𝑡ℎℎ

2𝜋𝑟𝑝
2𝜆𝑡ℎ

𝑇0

𝑃𝑝2𝑟𝑝

ℎ

𝑧

0

𝑃𝑝 - pump power

𝑟𝑝 - radius of the pump beam

𝜂𝑎 - efficiency of the pump absorption
𝜂ℎ - efficiency of the heat production
𝐼𝑡ℎ - thermal power per unit surface

𝐼𝑡ℎ =
𝑃𝑡ℎ
𝜋𝑟𝑝

2
=
𝑃𝑝𝜂𝑎𝜂ℎ

𝜋𝑟𝑝
2

𝑃𝑡ℎ
2𝜋𝜆𝑡ℎ

1

2𝐿
↔

𝑃𝑡ℎ
2𝜋𝜆𝑡ℎ

ℎ

𝑟𝑝
2

rod disc
1

2𝐿
↔
ℎ

𝑟𝑝
2

typical numbers: 
𝐿 = 10𝑐𝑚, ℎ = −0.01𝑐𝑚, 𝑟𝑝 = 0,5𝑐𝑚

1

10
↔
1

25



thin disc solid state lasers

idea technical realization

multi-pass pump setup



materiały

Important parameters:

thermal conductivity , 𝜆𝑡ℎ = 6Wm-1K-1 (for YAG)
absorption coefficient

quantum defect:  𝜂𝑡ℎ = 1 −  
𝜆𝑝

𝜆𝑙
=0.087 (for Yb:YAG)

Yb:YAG, 150 mm, 𝐼𝑡ℎ = 5.4W/mm2  (𝐼𝑝 = 60W/mm2 )

Phase front deformation after the sperical
component has been remóved , Yb:YAG, 150 mm, 
𝐼𝑡ℎ = 5.4W/mm2

thin disc solid state lasers, 2



thin disc lasers, some parameters

Yb:YAG, (almost) single mode operation
M2=1.6

Yb:YAG, multimode



multi-disc lasers, parameters



MID IR - eye safe region lasers



MID IR lasers, 2

Tm:YAG fluorescence

Tm:YAG



MID IR lasers, 3



MID IR lasers, an example of design


