Chapter 5
Laser Examples and Their Applications

In this chapter we will investigate different types of practical lasers that are of-
ten used in the laboratory. Owing to the recent advances in high-power and high-
brightness laser diodes, diode-pumped solid-state lasers are the most important
lasers today and into the future. Therefore, the lasers described below all belong
to the solid-state laser category, with the exception of the HeNe laser, a gas laser,
which is a well known device still widely used as precision alignment laser in the
laboratory. Another important gas laser is the CO, laser, which uses a molecular
transition excited via electronically excited N, molecules, using a He buffer gas for
cooling and reduction of the lifetime of the lower laser level. This laser is the most
efficient gas laser with electrical-to-optical efficiencies of up to 30 %.

Other laser types are, e.g. dye lasers, in which a dye solution is used as the active
medium. These lasers were often used to provide wide-band tunable sources from
the ultra-violet to the infrared spectral region or to generate ultra-short pulses, as the
missing long-range order in the liquid laser medium results in broad transitions.

Also lasers without an active medium exist, the free-electron lasers. In these de-
vices, a relativistic electron beam is sent into an alternating-pole spatially-periodic
magnetic field, which forces the electrons on to an undulating path. As these elec-
trons are accelerated charges, they emit a synchrotron radiation with a wavelength
that depends on the period of the magnets, the relativistic contraction of this pe-
riod in the frame of the electron beam and the relativistic Doppler shift back to the
laboratory frame.

5.1 Gas Lasers: The Helium-Neon-Laser

The HeNe laser was the first cw laser and also the first gas laser realized. While at
that time the strongest transition at 1.15 pm was used, the HeNe lasers today are
mainly operated on the visible lines, with the mostly used line at 632.8 nm in the
red spectrum. Other important lines are the green 543.3 nm, the yellow 594.1 nm
and the orange 611.8 nm lines. Other infrared lines are the near-infrared lines at
1152.3 nm and 1523.1 nm as well as the 3391.3 nm mid-infrared line.
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In the HeNe laser [1] the laser active medium is the neon gas. The addition of
helium is only used for the pumping process. It also contributes to the cooling of
the gas mixture due to the high thermal conductivity of He. Usually, a mixture of
about 0.1 mbar Ne in 1 mbar He is used. As can be seen in Fig. 5.1, the pumping
of the Ne atoms occurs in an electric discharge in a two-stage process: excitation
of He and energy transfer to Ne. First the He atoms are excited by collisions with
the electrons in the discharge, bringing them into the metastable levels 2 3§ and
2 15, with lifetimes of 0.1 ms and 5 ps, respectively. Then, owing to the nearly
coincidence between these levels and the 2s and 3s levels of Ne, the stored energy
will be transferred to the Ne atoms in atomic collisions between He and Ne. As
the lifetime of the 2s and 3s levels of Ne is on the order of 100 ns, a population
inversion results with respect to the 2p and 3p levels, which exhibit a lifetime of
only around 10 ns. As a result of the selection rules of electric dipole transitions the
Ne atoms can only emit on lines connecting a s and a p state, resulting in the above-
mentioned laser transitions. From the p states the Ne ions quickly relax to the 1s
state by fluorescence emission. As this state is also metastable, i.e. long lived, the Ne
ions would be re-excited into the 2 p state by electron collisions, where they would
cause a re-absorption on the laser lines terminating in this state. To avoid a strong
population of this 1s state, small bore discharge tubes are used to cause a decay of
this state back to the ground state by collisions with the wall of the laser tube.

Resulting from the dependence of the emission cross-section
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Fig. 5.2 Cut through a typical HeNe laser tube. Here, the resonator mirrors are bonded to the glass
tube directly in “hardseal” technology

on the laser frequency vy, as shown in Eq. (1.74), and the dependence of the domi-
nating Doppler broadening line form factor from Eq. (1.84), given by

1
g(vy) o — (5.2)

Vs
the maximum gain of the HeNe laser will be proportional to )Lg’ and will thus occur
on the mid-infrared transition at 3391.3 nm. Therefore, this line will usually show
the lowest pump threshold and the HeNe laser would only emit at this line. In order
to avoid this effect and to operate the laser on the other lines, special cavity mirrors
are used that do not reflect the mid-infrared radiation, thus greatly increasing the
threshold power at this line well above the thresholds of the visible lines. A second
possibility is to insert a quartz-glass plate, preferentially at Brewster’s angle, into the
cavity. This strongly increases the intra-cavity losses on the mid-infrared line owing
to the internal infrared absorption of the glass whilst nearly no losses are added for
the visible-to-near-infrared transitions. Additionally, the laser output will be linearly
polarized, as only the s-polarization of the cavity mode will be transmitted through
the Brewster plate without Fresnel reflection loss.

The experimental construction scheme of a HeNe laser is shown in Fig. 5.2. The
geometry of the capillary has to be chosen in a way so that the product of total gas
pressure p and capillary bore diameter d is about pd ~ 4.8-5.3 mm mbar, whilst
the optimum mixture between He and Ne depends on the emission line. For the
632.8 nm line, a partial pressure ratio of He : Ne = 5 : 1 is used, whereas an optimum
ratio of He : Ne =9 : 1 was found for the 1152.3 nm line. A third parameter is
the discharge current density, which is especially important for the 632.8 nm and
3391.3 nm lines.

The main applications of HeNe lasers today are as alignment sources with high
beam quality, caused by the low beam distortions generated in a gas laser, and as
highly coherent laser sources in holography, interferometry and ring-laser gyro-
scopes. As a result of the fact that the laser transitions occur between very high-
energetic levels, as can be seen in Fig. 5.1, the quantum efficiency of the HeNe laser
is around 10 %. However, the total electrical-to-optical efficiency of the HeNe laser
is very low, usually around 0.1 %, which is caused by the low efficiency excitation
mechanism within the plasma discharge [1].
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5.2 Solid-State Lasers

The most important lasers today are solid-state lasers, in which ionic impurities
doped into transparent crystals or glasses act as the laser active species. In general,
two main types of hosts and two main types of active ions can be distinguished:
crystals and glasses on the one side, and rare-earth ions and transition-metal ions on
the other side.

In rare-earth ions, the laser active electronic states are located in the inner 4 f
shell of the ion. Therefore, they are shielded to a great extent from the crystal field
by the outer shell electrons (552 and 5p° electrons). Thus, the crystal field and the
coupling of the ionic states to the phonons of the host lattice is low, resulting in
usually narrow line widths for the optical transitions. In the spectra of the rare-earth
ions in crystalline media, the different lines of the transitions between the various
Stark levels are clearly visible as already shown in Fig. 2.6.

If these rare-earth ions are doped into a glass matrix, the arguments concerning
the influence of the crystal field on to the transitions is still valid. However, the glass
is an amorphous solid and the geometric structure of the glass matrix, and thus the
crystal field varies locally, causing a spatially dependent line shift. This causes an
inhomogeneous broadening of the emission spectrum and results in a very broad
gain of these laser media. This is important to make broadly tuneable lasers, as well
as for the generation of ultra-short pulses.

In contrast to the rare-earth ions, the optically active electrons in transition-metal
ions are located in the outer shells of the ion and are thus fully affected by the crystal
field. They, therefore, show a very strong coupling to the lattice phonons in crystals,
which result in mixed electronic-vibronic states. Owing to this effect the widths of
the transition lines are also extremely broad, making e.g. the Ti:sapphire laser so
important for the generation of ultra-short pulses.

Crystal Growth Most of the laser crystals used today are grown by the Czochral-
ski method shown in Fig. 5.3. This technique uses a single-crystalline seed, which
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Fig. 5.4 Atomic structure of
the YAG crystal and the sites
of the Nd3* ion in YAG [13] Nd 3+
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is used to pull a large single crystal from a melt, consisting of a stoichiometric
composition of primary chemicals. In the case of the well-known laser host yttrium-
aluminum-garnet (YAG, Y3Als01>), this is a mixture of yttrium oxide and alu-
minum oxide, to which a small amount of rare-earth oxide, e.g. neodymium oxide,
is added, determining the rare-earth dopant concentration of the final laser crystal.
The composition is melted in a crucible consisting of a metal of high melting point,
such as iridium, which is heated by induction from an external, water-cooled tf coil.
The crucible itself is embedded with thermally insulating pellets, such as zirconia.
A single crystalline seed is mounted on a rotating rod and brought into contact with
the melt. Then, this rotating rod is slowly pulled with a speed of some mm per hour,
causing the single crystal to grow. When the growth process is completed, the fin-
ished crystal is slowly cooled down to room temperature to anneal internal stress
that may have built up during growth.

5.2.1 The Nd3*-Laser

The neodymium laser is one of the mostly used lasers today, operating often on
a true four-level transition with an emission wavelength of 1064 nm for Nd** in
YAG as the host crystal. This special host crystal is shown in Fig. 5.4. Where, the
Nd3* ion replaces the Y3+ ion. However, owing to the larger ionic radius of Nd>*
compared with Y37, only a small fraction of the Nd>* ions are incorporated into the
crystal structure during growth, resulting in Nd3* dopant concentrations of usually
0.1-1.2 %, as well as a doping gradient along the growth direction. This gradient is
caused by the increased concentration of the Nd>* ions in the melt during growth,
resulting in an increase in Nd>* dopant concentration in the crystal towards the end
of the growth process.

The energy level scheme of Nd>* ions in different hosts is shown in Fig. 5.5.
The upper laser level lifetime in YAG is 250 ps. It is the 1064 nm transition, which
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Fig. 5.5 Energy scheme of the Nd>* ion in various hosts and the main pump and laser transitions

shows the largest fluorescence, to which 60 % of all radiatively decaying ions in
the *F3 /2 manifold contribute to. The fluorescence corresponding to the quasi-three-
level transition around 900-950 nm is caused by 25 % of the decaying ions and the
second four-level transition at around 1.34 um arises from a contribution of 14 % of
the total decay. The mid-infrared transitions around 2 pm are so weak that they are
not used for any practical laser. Owing to the relatively large emission cross section
of the 1064 nm transition compared with the 946 nm and the 1342 nm transition,
special care has to be taken whenever these two weaker transitions are to be used.
In this case, special cavity mirrors and laser media, which are anti-reflection coated
at 1064 nm have to be used in order to suppress any feedback on the 1064 nm line.
Otherwise, the laser would oscillate on this 1064 nm line, making emission on the
other lines impossible by fixing the upper level population to a value that does not
allow the threshold gain for the other transitions to be achieved.

The Nd3* ion is either pumped by flashlamps or more recently by high-power
laser diodes, which can be directly designed to match the absorption spectrum of
the two most important pump transitions at around 808 nm and 875 nm. As a result
of this absorption-matched pumping laser-diode-pumped Nd3* lasers show high
efficiencies >>40 %, whilst only a small part of the full emission spectrum of a
flashlamp will be absorbed by the Nd3* ion, resulting in a total efficiency of usu-
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Fig. 5.6 Pump absorption coefficients for Nd>* in different hosts. (Source: Northrop Grumman
Corporation, USA)

ally <1 % in flashlamp-pumped lasers. Therefore, flashlamp-pumped Nd>* laser
crystals are often co-doped with Cr3* ions, which show a large absorption for the
flashlamp emission spectrum. The energy absorbed by the Cr3* ions is then trans-
ferred to the Nd>* ions in a direct ion-ion energy transfer process. Diode pumping
at around 808 nm on the absorption lines shown in Fig. 5.6 is very popular and led to
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Fig. 5.7 Schematic of simple externally-triggered flashlamp circuits

a large production of laser diodes at this wavelength, which are therefore, relatively
cheap. Today laser diodes with high diode output powers are available, generating
up to 100 W out of a 200 um pump delivery fiber.

Flashlamp-Pumped Nd3+ Lasers

In a flashlamp-pumped laser, a bank of capacitors is discharged into a flashlamp to
produce a high-energy pump pulse for the laser medium. In order to obtain a specific
pump pulse duration and pulse form, the electrical characteristics of a flashlamp and
the discharge circuit have to be taken into account. Usually, as shown in Fig. 5.7,
a charged capacitor C is connected to a flashlamp F via a series inductance L, which
determines the discharge time constant

T=+~LC. (5.3)

The charging voltage is, however, too low to “ignite” the flashlamp itself in most
cases. Therefore, an external trigger wire is attached to the outside of the flashlamp
and a high voltage ignition pulse is applied to this wire to cause a slight ionization
of the gas contained in the flashlamp. Then, a small discharge channel is created
between the flashlamp electrodes and the main discharge will develop within some
10 us by increasing the ionization and the diameter of the discharge, until it fills the
whole flashlamp tube. For short trigger pulses, the inductor L shows a high dynamic
resistance. Thus, the trigger pulse may also directly be connected to the high-voltage
side of the flashlamp after the inductor. The inductor then shields the capacitor from
the short high-voltage-trigger pulse and the fast rise in voltage across the flashlamp
causes breakdown of the gas in the flashlamp. A third possible trigger circuit uses
the inductor itself as a secondary of a transformer, and the trigger pulse is applied
to the primary. Thus, the trigger pulse will induce a high voltage in the secondary,
which adds to the voltage of the capacitor and causes breakdown of the flashlamp.

After the discharge has fully developed and fills the whole flashlamp tube, the
flashlamp shows a non-linear resistance and the voltage across the flashlamp U is
connected to its current / by [3]

U=KoI, (5.4)



5.2 Solid-State Lasers 113

Fig. 5.8 Schematic of a
standard RLC circuit

where, Ko is a parameter of the flashlamp, which is given by the manufacturer or
can be measured experimentally. It depends on the geometry of the flashlamp, i.e. its
arc length / and the inner tube diameter d, and the gas parameters as

[
Ko=k-. 5.5
0=k (5.5)
For 450 torr xenon-filled flashlamps, a value of k = 1.27 Q+/A is found. Including
the dependence on the gas pressure, the flashlamp constant can be described by

1

P
Ko(P) = Ko(Po)<FO)5 (5.6)

for xenon-filled flashlamps. The reference pressure in this case is Py = 450 torr. For
krypton, approximately the same flashlamp constant is found [3]. Thus, the electric
resistance of the flashlamp can be described by
Ry = R0 (5.7)
F=—F .
Vi
when the discharge has fully developed.

Another important parameter of a flashlamp is its explosion energy, which gives
the amount of electrical input energy that will cause catastrophic damage to the tube
wall. This damage is caused by the high temperature of the plasma and especially
the acoustic shock wave generated by the plasma, which itself heats up during the
pulse from 300 K to about 12000 K. The explosion energy is related to the surface
of the inner tube wall /d and the duration of the pulse 7, by

Ex = kxld /iy, (5.8)

where, ky is a parameter that depends on the gas filling and gas pressure. Using
the definition of the explosion energy the lamp life, i.e. the number of shots N a
flashlamp can usually be used at an electrical pulse energy per shot of Ey, can be
derived empirically and is related to its single-shot explosion energy by

_(Ex 8.5
N~<E—O> . (5.9)

Therefore, the lamps usually are operated well below their explosion energy, result-
ing in a nominal lifetime of 10°~108 shots.

In the case of a constant load resistance R instead of a flashlamp, a standard
RLC circuit results as shown in Fig. 5.8. The differential equation governing the
discharge evolution of the capacitor in this case is given by
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L2 LR LK L, (5.10)

where, O is the charge of the capacitor C and the initial condition is Q(0) = CUy
with datQ (0) = 0. The solution of this equation can be easily found, resulting in a
voltage U (¢) across the resistor R of

U@l)= Uoze—yt(eiwt _ e—ia)t)’ (5.11)
)
with
R
= — 5.12
Y (5.12)

=,/ ! 2 (5.13)
o= Ic Y. .

The circuit thus shows three different cases of discharge behaviour, depending on

the actual values of the components:
/L
R<2,/—, (5.14)
C

resulting in a real value of w. Thus, the current will show an oscillatory behaviour,
which is exponentially damped due to the energy dissipation in the resistance R.

e Overdamped discharge. Here
|L
R>2,/—, (5.15)
C

resulting in an imaginary value of w. Therefore, no oscillatory current will build
up. The high resistance results in a low peak current and it will take a long time
until the capacitor is fully discharged. Both of these operation regimes are usually
not desired in flashlamp circuits for lasers. The oscillatory discharge causes an
erosion of the flashlamp electrodes, which are designed for a specific polarity,
and the overdamped discharge results in low pump peak intensities.

e Critically damped discharge. In this special case

L
R :2\/;, (5.16)

i.e. w =0, the current will not show an oscillatory behaviour and the stored en-
ergy is delivered to the load in the shortest possible time without oscillation. The
absolute values of the current and the voltage follow the relation [3]

e Underdamped discharge. Here

t
1) = eak e T, (5.17)
t
U(t)zzUO?e*%, (5.18)
with Ipeqr = 28% being the peak discharge current and 7T = +/LC being the time

constant of the LC circuit. The current pulse form and the corresponding capaci-
tor voltage is shown in Fig. 5.9.
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Fig. 5.9 Characteristic
current and voltage evolution
of a critically-damped
discharge circuit

However, in a flashlamp circuit the flashlamp shows a non-linear, current-
dependent resistance [3]. Using the definition of the wave resistance
L
Zo=,|—=, 5.19
0 C (5.19)
the damping factor y for the flashlamp is given by
_ Ko (5.20)
NN Try7% '
and thus, depends on the starting voltage of the capacitor. The critically damped case
usually employed in a laser system corresponds to y = 0.87 !, for which a pulse
width of ¢, = 3T can be deduced, defined as the time between the 10 % points of
the current pulse, and corresponding to approximately 97 % of the total discharge
energy delivered to the flashlamp. Using the relation of the stored energy Ej in the
capacitor,
Eo— 1
L)

the necessary capacity is found from (5.20) as

cug, (5.21)

2
3 2y4T* Eot,,

C —, (5.22)
4
9 K,
resulting for y =0.87 ! in
E0t2
C*=0.091—7". (5.23)
KO
Hence, the necessary inductance is
t2
L= % (5.24)

It has to be noted that this calculation gives the design for a critically-damped circuit
at a certain lamp energy Ey, and therefore, for a certain capacitor voltage Uy. When
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the capacitor is charged to a higher voltage, the system is no longer critically damped
and discharge oscillations will occur. For this critically-damped case, it has been
found empirically [3] that the explosion energy of a xenon-filled flashlamp can be
described by,
Ex =12x10*Jem %s™"21d /1, (5.25)
i.e. a parameter kxy = 1.2 x 10* Jem=2s~1/2,
In some cases, especially for extremely compact lasers and circuits where induc-
tors are not used, then this circuit corresponds to the completely overdamped case.
Then, by taking the non-linear resistance of the flashlamp into account, Eq. (5.10)

becomes
[ 00 0
Ko —— + = =0, 5.26
0 o T (5.26)
where, the current was taken as [ = —%. We define the effective time constant of
the discharge by
KiC
Teff = TO , (5 27)

which depends on the charging voltage Uy of the capacitor. Then, we obtain for the
capacitor voltage U (¢) and the circuit current 7 (¢)

Uo

U@t) = , (5.28)
1
I
1(t) = ———. (5.29)
=+D
with a peak current of
Us
Ip=—. 5.30
0 K2 (5.30)

The characteristic pulse form is shown in Fig. 5.10. The energy delivered to the
flashlamp during the time 7,4 is given by
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trigger

Fig. 5.11 Schematic of a transmission-line flashlamp circuit for rectangular pulses

E(to) = /OW U@ (1)dt = %Eo. (5.31)

After a time of 27,4, ~89 % of the total energy has been delivered to the flashlamp.

Often, a more rectangular pulse shape is required, especially in free-running
lasers, which should emit a rectangular laser pulse. In this case, the total capac-
ity Cyor and the total inductance L,, have to be devided as shown in Fig. 5.11, to
form a transmission line [3]. Each mesh of this transmission line consists of an LC
circuit with L; = % and C; = Cor | with n being the number of meshes within the

n
transmission line. The characteristic impedance of the transmission line,

L
Z= [ (5.32)
Clat

is then chosen to match the load resistance of the flashlamp R(/) = Z at the requisite
current. It is convenient to define the pulse width t; in this case, as the time between
the 70 % points of the current pulse, resulting in

t; - 2\/ Ltgtctgt - 2T, (533)

from which the necessary total capacity

t*
Cror = -2 5.34
tot VA ( )
and the inductance
1,Z
Ly = — (5.35)
2
can directly be calculated. The peak current of the discharge is then given by
Uo
Ipeak = ﬁ (536)

Thus, the charging voltage of the transmission line needs to be set in order to achieve
the impedance matching between the transmission line and the current-dependent
resistance of the flashlamp. The rise time of the pulse measured between the 10 %
and the 80 % point decreases with the number of meshes n as

tr=2L. (5.37)
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A high number of meshes results in a more and more rectangular pulse. The neces-
sary total capacity can be derived from (5.21), (5.33) and (5.36) and results in

2
C3_l%¢

tot — 4
8 K

(5.38)

Laser-Diode-Pumped Nd3* Lasers

A Nd3* laser, pumped by fiber-coupled laser diodes, is shown in Fig. 5.12 as an
example of a longitudinally pumped Nd3*+:YVO, medium. The cavity is folded by
the use of two dichroic mirrors, which are highly reflecting under the chosen angle
of incidence for the laser radiation, whilst being highly transmissive for the diode
pump beam. The pump output of the delivery fiber is first collimated by a lens and
then focused into the crystal with an appropriate focal length in order to get a pump
spot that is well matched to the fundamental mode distribution of the cavity inside
the laser crystal. The fibers used for high-power pumping are usually multi-mode
fibers. Thus, the pump beam propagation can be described by standard geometrical
optics. The two main important parameters of the fiber, are its core diameter d and
its numerical aperture NA, which is determined by the refractive-index difference

in a step-index fiber as
NA = /2,0 = N2ding: (5.39)

The numerical aperture also describes the half-angle 67 of the radiation emitted by
the fiber, given by

NA = sin6;. (5.40)

Usually, the pump optics consist of a two-lens telescope, where, the first lens colli-
mates the beam emitted by the fiber, and the second lens refocuses the beam to form
the pump spot in the crystal. When we denote the magnification

2rp

M==r (5.41)
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of the telescope as the ratio between pump-spot diameter to fiber core diameter, the
internal angle of the pump radiation in the crystal can be described by

) ( 1. [arcsinNA}) NA
f; =arcsin| —sin| —— | | & —, (5.42)

n M nM
which can be approximated in most cases for small values of the NA, where, n is
the refractive index of the laser crystal. Thus, especially when long laser media are
used, the pump beam inside the crystal is no longer a cylindric volume. To describe
the laser behaviour in this case, especially the threshold pump power, we have to
define an effective pump beam radius w ¢ and thus, an effective pump beam area
A . To model the laser output power, the already known linear relation with respect

to pump power given by

Pour = nslape(Pp — Pr) (5.43)
is used, with the threshold pump power
17,A
Py = 5‘;}’—‘4’7 (InG + 0, (As)(N)L) (5.44)
abs

and the slope efficiency
Ap —In(1 —Tpc)

Nslope = Nmode Nabs» (5.45)

As 2InG
where, Toc = 1 — Roc is the output coupler transmission,
Naps = 1 — e~r L (5.46)

the fraction of absorbed pump power, «, the pump absorption coefficient, (N) the
average dopant ion density, I, the pump saturation intensity, G the single-pass
gain, and A = nwg . the effective pump beam area. As pump and laser beam often
do not overlap exactly, a mode fill efficiency 7,04¢ is introduced into the slope ef-
ficiency. To find a description for the effective pump beam radius, we have to take
into account the fact that the beam radius will change axially as a result of focusing
and that the pump intensity will, in addition, change owing to the absorption along
the crystal. The axial evolution of the real pump beam radius can be described by

2
w,(2) =rp\/1 + (Z_Z‘) tane,-) , (5:47)

Tp

where, r), denotes the pump beam focal spot radius inside the crystal and zo the
position of the focus. As the local pump efficiency depends on the local pump in-
tensity, the effective pump beam radius can be described by the absorption-averaged
beam radius along the crystal

S wy (e *idz
Jo eridz

Using these equations, the behaviour of a longitudinally-diode-pumped solid-state
laser can be calculated in a simple way to a good approximation. In order to de-
termine the optimum position of the focus, the minimum of w, . with respect to

Wy eff = (5.48)
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zo has to be found. However, as Eq. (5.48) cannot be calculated analytically, this
can only be solved numerically. Therefore, another possibility can be investigated,
leading to an analytical solution: As the threshold depends on the square of the
pump beam radius, another effective pump beam radius w;)’ off AN be defined, the
quadratic effective pump beam radius

/

Jy w2(2)e~ridz
Wpeff = :

e (5.49)

As there is no root in the integral expression, the integrals can both be calculated
analytically, resulting in

/
w T r
pieff P o2 el _ 1

2 _ L
2+|:(Z001p—1)2+] _L 2LZO+2ap
P

] tan? 6;. (5.50)

The minimum of this expression with respect to zg can be found easily. As the
.. ’ .. . .. ”
minimum of w reff coincides with the minimum of w Deff We use
2
Jw D _

0 5.51
920 ( )

to find the minimum quadratic effective pump spot radius. This yields an optimum
focus position of

o1-
Zoopt = — — ——1BS (5.52)

Up Nabs
which approximately minimizes the threshold pump power. Thus, the approximate
optimum focus position can be directly calculated from the laser medium param-
eters. It is surprisingly independent of the divergence angle 6; and the pump spot
diameter r,.

A second pumping geometry especially suited for high power lasers or amplifier
heads is transverse or side pumping, in which the laser diodes are aligned along
the side of a laser rod. The pump radiation is then absorbed in a single transverse
passage through the rod. This is of course, only possible and efficient for laser media
which show a pump absorption length smaller than the rod diameter. This may be
achieved using high-spectral-brightness laser diodes pumping the Nd** ion on its
peak absorption, which allows this side-pumping. A sectional view of such a pump
arrangement is shown in Fig. 5.13. A big challenge in this layout is the construction
of the pump chamber and the complex water flow between the different diode heat
sinks and the central flow tube around the laser crystal. As a result of the fact that the
diode heat sinks are usually connected electrically in series, they exhibit a potential
difference between each other and need to be electrically mutually insulated. As the
cooling water, however, forms one closed circuit, one has to control the conductivity
of the water, usually below 5 uS, in order to avoid electro corrosion between the
different electrical potentials in the cooling circuit.
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Fig. 5.13 Schematic setup of a transverse diode-pumped rod laser [3]

Recently, optical pumping at around 875 nm has become more and more popular,
as this pump line directly excites the ions to the upper laser level. Thus no fast relax-
ation is necessary and the laser quantum efficiency is increased through reduction
of the quantum defect. This results in a lower heat load per pump transition and thus
in a higher laser output power, which can be reached before thermal effects become
significant.

Applications

The Nd>7 laser, especially using the YAG host, is widely used in industry and re-
search applications. In industry, the lasers are mostly used for marking and engrav-
ing applications, for spot welding and line welding as well as for hole drilling. In
research the laser is mostly used as a high power pump source with high beam qual-
ity compared to laser diodes, either by using the laser radiation itself or by frequency
doubling of the 1.064 um line to 532 nm, which is an ideal pump for the Ti:sapphire
laser, as discussed in Sect. 5.2.3.

5.2.2 The Tm3*-Laser

The Tm3* laser is a typical quasi-three-level laser operating around 1.9-2 um. As
an example, Fig. 5.14 shows the energy level scheme in three different hosts and
Fig. 5.15 the corresponding emission and absorption cross sections for Tm>+:YAG.
The specialty of Tm3™ lasers is their unique pumping scheme allowing for the use
of highly efficient ~790 nm AlGaAs laser diodes for pumping. As an example,
Fig. 5.16 shows the corresponding pump absorption cross section for Tm3+:YAG.
This is based on a cross-relaxation process 3Hy +3Hg — 2 x 3Fy4, which is very
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efficient in nearly all hosts. This process is shown in Fig. 5.17 on the example of
a Tm3*:YLF laser: The medium is pumped at a wavelength of 792 nm into the
3H, manifold. Owing to the close match in energy between the 3H,; — 3F transition
and the 3H6 — 3F4 transition, the excited Tm3" ion makes a transition to the 3F4
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Fig. 5.17 Cross-relaxation process between two Tm>* ions in YLF

manifold. This transition transfers the corresponding energy to a second, unexcited
Tm3" ion, which uses this energy to excite its 3F4 manifold. Therefore, two excited
ions in the upper laser manifold have been created by one absorbed pump photon.
Thus, the number of extracted laser photons per absorbed pump photon, which is
called quantum yield, can be greater than 100 % in Tm>" lasers.

This process can, of course, also occur in the reverse direction, i.e. that of two
Tm3" ions in the 3F4 manifold,from which one can make a transition to the ground-
state manifold *Hg, whilst transferring the generated energy to the other ion to excite
it from the 3F4 manifold into the 3H,; manifold. This process is called upconversion.

Different Hosts for Thulium Lasers

Among the hosts presented in Table 5.1, YLF (YLiF4) provides the highest fluo-
rescence lifetimes and reasonable high pump absorption and laser emission cross-
sections, shown in Fig. 5.18 and Fig. 5.19, resulting in low saturation intensities
for efficient laser operation. As YLF is a birefringent laser host, different absorp-
tion and emission cross sections are needed depending on the polarization of the
light with respect to the crystallographic axes. However, the relative re-absorption
and thermal lower level population is higher than in YALO or YAG, as shown in
Fig. 5.20. YALO, and especially YAG, on the other hand suffer from high saturation
intensities. So high brightness pump diode systems are necessary to provide low
threshold operation. For the two most important fiber materials, ZBLAN and silica,
the spectroscopic data are summarized in Table 5.2. Owing to the very low phonon
energy of ZBLAN the fluorescence lifetime is not strongly affected by multi-phonon
relaxation. However, in silica the spontaneous lifetime 7, is about 4.75 ms, which is
dramatically reduced by a strong multi-phonon relaxation. Whilst the saturation in-
tensity of Tm>T:ZBLAN is comparable with the ones presented for the crystalline
hosts in Table 5.1, Tm>*:silica shows a ten-fold higher saturation intensity com-
pared with ZBLAN. Due to the amorphous nature of the glasses, the optical transi-
tions are inhomogeneously broadened, resulting in broad absorption and emission
bands. An example is given for ZBL AN glass in Fig. 5.21 for the laser transition and
in Fig. 5.22 for the most important pump band. Also, in the glass media the cross-
relaxation pumping is very efficient and results in high overall laser efficiencies.
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Table 5.1 Important data on Tm3+-doped laser hosts. Some data are taken from [5-9]

Host crystal YAG YALO YLF

3F, levels [cm™!] 5556, 5736, 5832, 5622, 5627, 5716, 5605, 5757, 5757,
5901, 6041, 6108, 5722, 5819, 5843, 5760, 5827, 5944,
6170, 6224, 6233 5935, 5965 5967, 5967, 5977

Juo 0.459 0.228 0.286

s [ms] 10.5 5.0 15.6

3He levels [cm™!] 0,27, 216, 241, 0, 3, 65, 144, 210, 0,31, 31, 56, 282,
247,252, 588, 237,271,282, 313, 310, 324, 327, 327,
610, 690, 730 440, 574, 628, 628 374, 375, 375, 409

fe) 0.018 (6) 0.010 (12) 0.032 (9)

As [nm] 2013 2000 1912

o.(As) [1072 cm?] 1.53 5.0 4.0 ()

Zelhsl 25.8 223 9.05

I35, [kW /ecm?] 5.91 3.80 1.50

3H, levels [em™!] 12607, 12679, 12515, 12574, 12621, 12621,
12747, 12824, 12667, 12742, 12644, 12644,
12951, 13072, 12783, 12872, 12741, 12825,
13139, 13159 12885, 12910, 12831, 12831,

12950 12831

Ap [nm] 786 795 792

04, p(hp) [1072 cm?] 8.67 7.5 4.0 (0), 6.0 ()

Te.p(Ap)

O] 0.63 1.05 0.88

IP, [kW/cm?] 15.1 9.57 3.62

Table 5.2 Spectroscopic

data on Tm**-doped glasses. Host glass ZBLAN  Silica

Some data are taken from

[2,4] 7y [ms] 10.9 0.34
As [nm] 1940 1970
o.(0s) [1072 cm?] 0.93 2.6

o (hs)

=5 23.6 323
15, [kW/cm?] 9.69 110.6
Ap [nm] 791 790
0a,p(Ap) [1072 cm?] 325 9.93
Te.p(hp) N
) 1.44 1
12, [kW/cm?] 23.8 276

Em [em™ 1) 590 1100




126 5 Laser Examples and Their Applications
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The following section gives an overview over energy-transfer processes and its
descriptions.

Energy-Transfer Processes

Fast energy-transfer rates are of the order of 107 s~!, whilst the interaction between
the active ion and the host phonons occurs at a much faster rate on the order of
10'" s=! [10]. Therefore, energy transfer can be seen as an incoherent process and
Fermi’s golden rule may be applied to the interaction Hamiltonian between the inter-
acting electrons of the donor ion (index D) and the acceptor ion (index A), given by

1 e?

2K — | rP —F |
i,j L J

This corresponds to an interaction that is caused by the electric or magnetic field

of the ions, with the electric field contribution being several orders of magnitude
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Fig. 5.23 Most important migration cross relaxation up-conversion
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stronger than that of the magnetic field contribution [11]. Here, 7 are the positions
of the electrons in ions D and A, k is related to the polarizability of the medium
and the sum is over all electrons in the corresponding ion [14]. Applying Fermi’s
golden rule and a multipole expansion of the interaction Hamiltonian results in an
interaction rate [15, 17]
Cdd qu ca4
in which R is the distance between the two ions and the different constants C rep-
resent dipole-dipole (dd), dipole-quadrupole (dq) and quadrupole-quadrupole (gq)
contributions. As long as the ion spacings R are not too small, the first term in
Eq. (5.54) dominates. The interaction lengths may then correspond to several nm
[15, 16]. A second interaction mechanism can be caused by the direct overlap be-
tween the electronic wave functions of the donor ions and the acceptor ions [18-20];
however, this may only occur at very short inter-ionic distances between the donor
and the acceptor, and therefore, only for extremely high dopant concentrations. A
special case of this energy-transfer process is the super-exchange, where, the donor
and acceptor wave functions overlap not directly, but both overlap with an interme-
diate ligand ion [21].

For the dipole-dipole interaction, the coupling parameter was shown to be linked
to the overlap between the donor emission cross section aeD (A) and the acceptor
absorption cross section aaA (A) by Dexter [17]

Wpa = (5.54)

dd 9x*c D A
DA = W/O'e ()L)Ga ()\.)d}\, (555)
Therein, X2 ~ % accounts for an orientational average.

Whilst this approach deals with the microscopic interaction between two ions, it
is important to have a description of the macroscopic behaviour of an active medium
in order to model its excitation processes. The most important energy-transfer pro-
cesses occurring in rare earth doped solid-state materials are shown in Fig. 5.23.
They are migration, cross relaxation and upconversion. Migration is the energy
transfer between ions of the same species involving the same transition levels in
both ions, called donor-donor transfer. Thus, the corresponding coupling parameter

is given by

3
Cpp = —— / 0o (M)aa (W) dA (5.56)
8mr4n?
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by analogy with Eq. (5.55). Here, 0.(%) and o, (A) are the absorption and emission
cross sections of the same transition between two manifolds. Three types of migra-
tion may be distinguished, depending on the relative strength of the donor-donor and
donor-acceptor coupling parameters: diffusion, fast migration and super-migration.

In the case of Cpp < Cpg, the migration can be described by a diffusion process
[22], resulting in a macroscopic de-excitation rate of the donors of

dND 16z (1\* 1 3

7:—T(§> CpaCpopNpNDNa, (5.57)
where Ng is the total density of donors that can contribute to the migration process,
Np the density of excited donors and N4 the density of acceptors. This macroscopic
rate is valid for long times given by [12]

1673 Cpa ., 1673 R, 5

t > ~ N7, 5.58
9 w3, A 9 Cpa (558)

with Rpy being the donor-acceptor distance.

The fast migration (Cpp > Cp4) is often the dominant process with donor-donor
coupling parameters Cpp that are some orders of magnitude larger than those for
the donor-acceptor energy transfer Cps given by Eq. (5.55). This can be explained
as the donor-acceptor interaction depends on two different transitions, which need
to overlap spectrally to yield a large energy-transfer parameter, whilst the donor-
donor interaction relies upon the same transition, so the overlap is guaranteed by
Eq. (2.32). In the case of fast migration, a donor excitation can migrate significantly
before it interacts with an acceptor, thus increasing the macroscopic probability for
the donor-acceptor transfer processes to occur. Whenever Cpp > Cpy, the macro-
scopic de-excitation rate can be described by the hopping model [23], resulting in

5
ON o\ ?
=2 = <?’T> VCoaCopNONpN 4 (5.59)

for long times as given by Eq. (5.58). In the case of upconversion (Ng = NrEe2,
Np = Ny and N4 = N) this rate equation is often rewritten as

0Ny
ot

= —kypNyNy (5.60)

with

5

2w\ 2
ku,,=n<?> V CnChpNRE, (5.61)
Coy =

025 17,e(M)0253,4(M)dA, (5.62)

Cpp = / 01, (W12 o (Wd, (5.63)
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whilst for cross relaxation (Ng = Nge1, Np = N3 and Ny = Ny/) one often finds
that

% = —kerNi N3 (5.64)
with
5
kcr=n<%ﬂ>7‘/cggcg’DNREl, (5.65)
DA = / 032, (M)01 2 0 (W)dA, (5.66)
Cpp = / 035 1,e(M)0153,4(M)dA. (5.67)

Upconversion and cross relaxation are reverse processes on the microscopic
scale, which are thermodynamically linked to each other. Using Eqgs. (2.32), (5.55)
the relation

Cor  [o352.M)010 (WAL ZyZy
Coy JoroveWorssaWdr  ZyZ;
can be deduced as the ratio of the microscopic transfer parameters. It depends only
on the partition functions Z; of the involved manifolds. In the special, but most

important case, in which RE 1 and RE 2 are the same ion species, this expression
simplifies to

(5.68)

Chy [oamneWo1n0 WdL 73

Coy Jors1.eMo23.W)dL 21273
As a result of the principal difference between the migration processes in upcon-
version and cross relaxation, such a simple relation cannot be set up for the rate-

equation parameters k., and k,,. However, it can be shown from the equations above
that

(5.69)

__he
[e BTal, (Wdh

k N Zy
Ror _ NREL 22 g 7, 1C , (5.70)
kyp  Nre2 Z1Z3 fe*malzl_)zl ,()dA
and for the case of identical species this simplifies to
hc
kee 2y | Zo [ € T ol 5 (WdA
Ker _2 2 f 1-3.a (571)

- — he .
kup 23 21 [ BTEG2 L (M)

The regime of super-migration is reached when the actual acceptor concentration
c4, 1.e. the probability of occupation of a possible lattice site by an acceptor, exceeds
the critical concentration c¢*,

C 8
cq>cF= (ﬂ) . (5.72)
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Fig. 5.24 Atomic structure
of the AlpO3 host crystal [28] Al
[ )
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Owing to c4 < 1 the super-migration can only occur for Cpp > Cpa. Then the fast
migration distributes the energy over all donors before the donor-acceptor transfer
can occur.

It has to be noted that even if the absorption and emission spectra in Eq. (5.55)
do not overlap, an energy-transfer process may still exist for this transition; pro-
vided the excess energy that would be needed to make the cross sections overlap is
compensated for by the emission or absorption of a lattice phonon [24-27].

5.2.3 The Ti**:Al,03 Laser

In contrast to the two solid-state lasers discussed before, which are examples of rare-
earth-ion-based laser media, the Ti3* :sapphire laser (Ti3T:Al,03) uses the trivalent
transition-metal titanium ion as the active ion. The host medium is single-crystalline
aluminum oxide Al,Os3, the same host as used in the first laser, the ruby laser
(Cr’+:A1,03). In this context, it should be noted that the name “Ti’*:sapphire laser”
is tautological, as “sapphire” is already the name for Ti**-doped aluminum oxide,
just as “ruby” denotes the Cr>*-doped aluminum oxide. Thus, one could also speak
of the “sapphire laser” itself. In the following, we will discuss the special energy
structure and the resulting laser properties arising from the transition-metal nature
of the active ion, as well as some applications of the Ti3*:Al, 03 laser.

The Laser Medium

Being a 3d transition metal, the Ti3* ion exhibits a single 3d electron in its outer
shell, which is the “active laser” electron. The free ion is thus similar to a hydrogen
atom and higher-lying electronic states cannot be excited by the energies accessible
during optical pumping. The whole pump and laser process thus takes place between
the different levels that are created by the splitting of the five-fold-degenerate free-
ion ground state 2D in the host matrix. This host matrix is shown in Fig. 5.24.

In contrast to the splitting scheme discussed in Fig. 2.3 for the rare-earth ions,
the optically active electron here is not shielded from the crystal field. This causes
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a crystal-field splitting which dominates the spin-orbit splitting. Whilst the actual
energy of this splitting is, of course, a host- and ion-dependent value, the theoretical
description of the strong-crystal-field splitting can be generalized. In this perturba-
tional description, the scale of the splitting energy is given by the parameter product
Dgq, in which

1 35zé*
T dmey 4 dd
accounts for the strength of the crystal field, caused by the charge of the ligand —Ze
at a distance a from the central ion, and
2

105
is proportional to the quantum-mechanical radial integral of the 3d wave functions
that has to be calculated to obtain the energy difference. The ground-state splits by
a total amount of 10Dg, for which the ratio between the amount of energy decrease
of the lower state and the amount of increase of the upper state depends on the sym-
metry of the external ligand ions and the resulting degeneracy of the final levels. In
the case presented here, there are the six oxygen ions around the Ti*T ion, resulting
in an octahedral coordination, causing a splitting into a doubly-degenerate 2E state
and a triply-degenerate 2T>-state. As the total energy change of the splitting needs
to be zero, the 2E state is raised 6Dg above the initial, free-ion ground state, whilst
the 27»-state is lowered by 4Dg with respect to the initial ground state as shown in
Fig. 5.25. As these octahedra are trigonally distorted, as can be seen in Fig. 5.24,
the 2T»-state is split further. The 2E excited state degeneracy is also lifted by the so
called Jahn-Teller effect, which states that the degeneracy of an electronic state in a
non-linear complex will be lifted by a spontaneous deformation of the surrounding
lattice. However, strictly speaking, no optical dipole transitions should occur be-
tween these states as they all have even parity. The fact that there are optical dipole
transitions is a direct result of the breaking of inversion symmetry as soon as an
AT jon is replaced by a Ti’* ion. This causes a mixing of the odd-parity wave

(5.73)

g = ——(3d|r*|3d) (5.74)
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Fig. 5.26 Energy level Ag ‘ g
diagram showing the

electron-phonon coupling of e
the Ti>* ion in Al, 03 [28] T,

e ==
— >
0 Q Q Q

functions of the oxygen ions with those on the Ti** ion, allowing optical-dipole
transitions within the split ground state.

Up to this point, there is no principle difference of this energy scheme with the
ones discussed for the rare-earth ions. However, the energy levels here are a direct
consequence of the crystal field, and thus, of the spatial positions of the oxygen ions
in the crystal lattice. Their energies are therefore very sensitive to this configuration.
The phonons of the host crystal now cause vibrations of the oxygen ions and thus
a modulation of the crystal field, which will have an influence on to the energies of
those levels. Quantum-mechanically, this strong electron-phonon coupling results
in so-called vibronic states, mixed states between the electronic states of the ion
and the phonon states of the lattice. They can be described by the configurational
coordinate model. In this model, the energy of the levels is plotted as a function
of the configurational coordinate Q, which can be seen as a parameter describing
the distance of the oxygen atoms of the vibrating octahedra with respect to the Ti> "
ion. In this description, the energy variation of a level can be described for small
changes in configuration by a parabolic potential as shown in Fig. 5.26, and thus at
each level, a harmonic oscillator can be assumed. For the ground state, this results
in three paraboloids oriented around the origin Q = 0, from which Fig. 5.26 shows
a cut along one radial Q-axis through the minimum of one of the paraboloids. For
the excited state, two paraboloids result, which are also shifted outward from the
origin Q = 0. As the Jahn-Teller effect is different for the ground and the excited
state, it causes a different lattice distortion, and thus, the corresponding configura-
tional coordinate of the parabola minimum Qg and Q6 is also different. Taking into
account that the transition probability depends on the overlap of the wave functions,
which are also indicated in Fig. 5.26, a strong wavelength shift exists between ab-
sorption and emission. This is called Franck-Condon shift. After the absorption
process, the excitation will quickly thermalize within the upper harmonic oscillator
levels owing to the strong interaction with the phonons, which created these levels.
Thus, the emission process with the highest probability will start from the lowest
levels in the excited state. However, from this state only transitions to higher states



5.2 Solid-State Lasers 133
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within the ground-state parabola yield a high overlap in wavefunction, as the co-
ordinates of the minima are different (Franck-Condon principle). This causes the
strong wavelength shift between absorption and emission.

A second effect of the vibronic states is the large fluorescence bandwidth, and
thus, the tunability of the Ti>*:Al,O3 laser. Owing to the spatially oriented three
paraboloids in the ground state, a transition from an excitation at a fixed coordinate
Q can occur towards a huge number of possible final states and phonon energies in
the ground state.

The Ti3*+:Al, 05 laser crystals are grown by the Czochralski method. In contrast
to Nd**:YAG, where the dopant concentration is limited by the ionic radius of the
neodymium ion to approximately 1 %, or compared with Tm3*:YAG, in which the
thulium ion concentration can reach several 10 %; the Al,O3 crystal can only be
doped with Ti** on the order of 0.1-0.25 %. One reason for this low concentration
is the higher ionic radius of Ti’>T (0.067 nm) compared with AI** (0.053 nm), the
other reason can be related to the Jahn-Teller effect, as a higher doping concentration
would cause a ground-state degeneracy, which itself would result in a Jahn-Teller
splitting, creating a lattice deformation that is not compatible with the Al,Oj3 lattice.

Laser Parameters

The lifetime of the Ti>*:Al,03 fluorescence at room temperature is around 3.1 s,
and thus three orders of magnitude shorter than the fluorescence lifetimes of many
rare-earth doped crystals, such as those using Tm3*, Ho>* or Er’* as the active
ion. Owing to the electron-phonon coupling, this lifetime strongly depends on the
crystal temperature as shown in Fig. 5.27. As the optical transitions are a result of
the statically broken inversion symmetry, mixing odd-parity wave functions into the
ground state, and not a result of the vibronic states, the spontaneous optical emission
rate r;pl is temperature independent. However, also non-radiative transitions from

the excited state into the ground state exist. These relaxation transitions show a rate

7!, resulting in a total fluorescence lifetime of
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Fig. 5.28 Absorption A
coefficient of a

0.1 %-by-weight-doped
Ti+:Al, 03 crystal and its
fluorescence intensity for the
polarizations parallel (;r) and
perpendicular (o) to the
c-axis [28]
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tt;tl = Ts;l + tril' (5.75)

This relaxation rate is strongly temperature dependent and is caused by a tunneling
of the upper level excitations in the 2E parabolas into the ground-state parabolas. As
the energy gap (tunnel distance) is smaller for highly excited levels, the increasing
fractional excitation of the higher levels in the 2E parabolas with temperature causes
a strong increase in the non-radiative transition rate. As can be seen from Fig. 5.27,
this process starts at a temperature around 200 K and then quickly reduces the flu-
orescence lifetime for higher temperatures. The quantum yield of the laser at room
temperature, which is the amount of fluorescence photons with respect to the total
amount of transitions, thus results in

300K) 3.1
oy = 2 OOK) 3 lps g (5.76)
Tsp 3.85us

The fluorescence of Ti*T:Al,O3 is a maximum for light polarized parallel to
the crystallographic c-axis as shown in Fig. 5.28 together with the absorption
coefficient. This results in a peak emission cross section for this polarisation of
3.5 x 10719 ¢m? at 795 nm, which has been determined from its fluorescence
spectrum using the Fiichtbauer-Ladenburg relation Eq. (1.77) in Fig. 5.29. It can
be clearly seen that the emission cross section is shifted towards lower wave-
lengths with respect to the fluorescence. The absorption band is very broad, result-
ing in a large variety of possible pump sources. Whilst in the past mainly Ar™ ion
lasers at 514 nm have been used as a pump, today, frequency-doubled Nd3+:YAG,
Nd3*:YVOy4 or Nd3>T:YLF lasers are used owing to their much higher efficiency
compared with the Ar™ laser. Also pulsed pumping by flashlamps is possible, how-
ever, as a result of the short upper level lifetime, high pump intensities and short
pump pulses are necessary, which needs specially designed low-inductance flash-
lamp circuits and flashlamps for high operation lifetime. Especially the flashlamp
design is critical when it comes to high pump energies of several 100 J as the short
pulse width on the order of 2—10 ps also corresponds to a low flashlamp explosion
energy, see Eq. (5.8).
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Applications

The main application of the Ti**:Al,O3 laser today arises from its large tuning and
amplification range. It is the generation of ultra-short pulses, already discussed in
Sect. 4.2, as well as the amplification of ultra-short pulses discussed in Sect. 4.2.3,
where these lasers are dominant. Another important application is in spectroscopy,
to generate broadly-tunable radiation with a small linewidth. Similar spectral prop-
erties can be achieved with Cr3t:LiSrAlFg and Cr3t:LiCaAlFg, which show an
emission band shifted towards the infrared compared with Ti3+:Al,O3. However,
the fluoride crystals are hygroscopic, which is a drawback for efficient cooling of
the laser rods. A comparable laser medium in the 2.3 um region is Cr’>*:ZnSe, which
shows a broad emission range at 2—-3 um, as shown in Fig. 5.30. This allows the gen-
eration and amplification of ultra-short pulses in the mid-infrared spectrum.

5.3 Special Realisations of Lasers

In the following section we will investigate two of the most important laser geome-
tries today, which are the fiber laser and the thin-disk laser. Both of these laser archi-
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Fig. 5.31 Radial temperature 1.0
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tectures attempt to solve the main problematic issue in solid-state lasers: the thermal
management of the laser medium. In standard rod lasers as discussed above, the heat
dissipated inside the laser medium has to be extracted through the outer crystal sur-
face, and a temperature profile will result from the finite heat transfer coefficient of
the laser medium. This profile can be calculated from the heat-transfer equation [3]

9°T 10T ¢

— +t-——=— 5.77
arz  rar  Am .77)
assuming a cylindrical symmetry, where, T (r) is the rod temperature,
Piherm
= 5.78
4= R2L (5.78)

the volumetric heat load, L the length of the rod, Py, the power dissipated as heat
in the medium and A, the heat-transfer coefficient of the medium. In the case of a
homogeneous heat load g, this results in a parabolic temperature profile

4 (p2_ 2
T(r)y=T(R — (R —r7), 5.79
(r)=T( 0)+4th( 0—77) (5.79)
with Ry being the radius of the rod and 7 (R) the temperature on the outer crys-

tal surface. This temperature profile is shown in Fig. 5.31 and has two important
influences on the laser medium, which are discussed in the following section.

5.3.1 Thermal Lensing and Thermal Stress

Thermal Lensing

As the index of refraction of the laser medium is usually temperature dependent, this
temperature profile with the gain medium will create a refractive index distribution
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resulting in the formation of a thermal lens. The corresponding index distribution
is given by

0
n(r) =no+ = (T() = T(Ro)). (5.80)

wherein ng = n(Rp) is the refractive index of the rod at the surface. The ther-

mal lens can have a positive or negative focal length depending on the sign of

the thermal index coefficient g—; of the laser medium. YAG, for example, has

g—? =9.9 x 1078 K~! and thus a positive thermal lens, whilst, for example YLF,

with g—; = —2 x 1079 K~! for a polarization along the a-axis, shows a negative,
i.e. diverging, thermal lens. Taking into account that a parabolic index profile
1
n(r) =no = Snar’, (5.81)

which is constant in axial direction along a (rod) length L, acts like a lens with a
focal length of

f=—, (5.82)

we obtain for the thermal lens

207 R}

ih = (5.83)

o p ’
o7 L therm
where, it has to be taken into account that Eq. (5.82) is only valid for f > L. In
some laser media, such as ZnSe or YAIO3; (YALO), the thermal lensing can be
strong enough that focal lengths shorter than the rod may result, especially for long
crystals. But this is usually connected simultaneously to a very strong beam qual-
ity degradation as a result of aberrations caused by the non-parabolic temperature
profile, and is therefore avoided in most lasers.

However, the measured values of thermal lenses differ from the simple relation
in Eq. (5.83), because additional effects have to be considered: We also have to take
into account that the rod will show a local thermal expansion, which will create a
thermal stress. This stress itself causes an additional change in the refractive index
by the photoelastic effect. All these material dependent effects can, however, be
summed into one parameter &. For isotropic laser media such as YAG, the focal
length of the total thermal lens can be expressed by

p n R}

h = .

! 5 Piherm

For YAG, a value of £ =5.09 x 1077 {,n—v has been measured.
Finally, we have to take into account that the total thermal expansion will cause

a bulging of the end faces of the rod, which itself is a positive contribution to the

total thermal lens. This effect depends on the length of the crystal and results in a
modified parameter [3]

(5.84)

/ th 0(”0 1)
_ gy GnRolro =1 5.85
&=4 AL (5.85)
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which replaces the & in Eq. (5.84), where, oy, is the coefficient of thermal expansion
of the medium.

In designing a laser resonator, the formation of a thermal lens has to be taken into
account in order to maintain performance over an extended period. However, from
the power dependence of the thermal lens it directly follows that in a laser with a
medium that is affected by strong thermal lensing, the resonator has to be calculated
and optimized for the operation point of the laser, i.e. for a certain thermal lens that
will build up at the nominal pump and output power of the laser. A direct result
of thermal lensing will mean that the laser is designed for a certain pump power
only. The use of differing pump powers will cause a change in the laser mode size
and waist position inside the resonator, and therefore, will lead to a varying overlap
with the pump beam. Therefore, the laser slope efficiency can depend on the pump
power. Also the true laser threshold can be different from the theoretical one, as
with thermal lensing the threshold depends also on the stability range of the cavity,
which becomes pump-power dependent.

Thermal Stress

In an actively cooled laser rod the inner volume has a higher temperature, and there-
fore, a larger thermal expansion than the outer part of the rod. This results in the
formation of mechanical stresses. In a cylindrical laser rod, the stresses in radial,
tangential and axial (z-axis) direction can be calculated from the temperature dis-
tribution in the plain strain approximation, which is valid for long, surface cooled
laser media. This results in [49]

arE (1 [Ro 1 [
o,(z,r) = T (ﬁfo T(z,r’)r/dr/—r—Z/O T(z,r’)r’dr’)

1—v

arE (1 Fo I\ gt L A
<7,(Z,r)=m 2 T(z,r')r'dr +r—2 A T(z,r')r'dr' = T(r,2) ) (5.86)

Ry
0uer) = 0rar) or(er) = 2TE (%/ T(z,r')r'dr' = T(z, r)),
1—v\R 0

with o, o; and o, being the radial, tangential and axial stress components, re-
spectively, E being Young’s modulus, v Poisson’s ratio, oy, the thermal expansion
coefficient and R the radius of the rod. The equation for o is valid for a laser
medium where the ends are free to move. Inserting the temperature distribution
from Eq. (5.79) for the homogeneously heated laser rod, we obtain

arE

- - 2 _ p2)_ 2 p2

o= Torm(1 — u)q(’" Rj) =00(r” = Rp). (5.87)
— % 2 p2y _ 2 p2

o= g =y~ Ro) =003~ Ry). (5.88)
ar E ) ) s )

- (2r° — Rj) = 200(2r" — Ry). (5.89)

= o=
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Table 5.3 Thermal-shock
parameter of several laser
media [3]

Host crystal  YAG GSAG Al,O3 SiO; glass

W w W W
Ry 79% 65X j0X 1 ¥

cm

The stress distributions are plotted in Fig. 5.32. A positive value corresponds to a
tensile stress in the corresponding direction, whilst a negative value denotes a com-
pressive stress. These stresses will cause refractive index changes, which is called
stress-induced birefringence. This can change the polarization of the laser mode
and thus degrades polarization quality in laser systems. However, these effects can
be compensated for by more complex laser designs, in which several laser rods and
polarization rotators are used.

The main problem for high average power lasers, however, is the tensile stress on
the outer crystal surface. Owing to the perpendicularity of the tangential and axial
stress, the total stress on the surface results in

Otor =07 + 02 = 23200 R2 (5.90)

If this tensile stress exceeds a certain value oy, it will lead to a growth of mi-
croscopic cracks on the outer crystal surface, which finally results in a total crystal
fracture. Using Eq. (5.78), this maximum stress corresponds to a maximum power
dissipation per crystal length of [3]

P _ g (1= )

L \/501 hkE

which is independent of the rod diameter, where, Ry is the thermal-shock param-
eter, which is shown in Table 5.3 for several laser hosts. This effect yields for YAG,
that a thermal extraction of approximately 200 W/cm will fracture the rod. However,
this value depends strongly on the surface finish of the laser rod and the real value
at which fracture occurs can differ from this value by up to a factor of three.

Omax = 87 Ry, (5.91)
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Fig. 5.33 Geometry and
refractive index profile of two
step-index fibers. The
standard fiber only allows
core propagation while the
double-clad fiber is coated by
an outer polymer with lower
refractive index than the
cladding and thus also allows
guiding in the cladding
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In order to avoid all these temperature-dependent effects to a great extent, the

following laser types have been developed, namely, the fiber laser and the thin-disk
laser.

5.3.2 The Fiber Laser

An optical fiber consists of a core with radius a and a refractive index 7.4, and a
cladding with radius b, showing a lower refractive index 7¢jadding < ncore as shown
in Fig. 5.33. In a fiber laser, this core is in addition doped with laser-active ions,
which are pumped by a pump radiation also guided in the fiber.

Owing to the high surface-to-volume ratio

2ral 2
2L~ 2 (5.92)
and the small fiber radii @ < 1 mm, the heat transfer from the active core to the large
surface occurs over a small distance. Thus, the resulting temperature differences are
low, even for the lower thermal conductivities of glass materials. This causes a lower
temperature in the active region, and therefore, a higher laser efficiency, especially
for quasi-three-level lasers. In a rotationally symmetric fiber a parabolic temperature
profile will develop; however, this will only cause a refractive index difference of

Piperm 0n -6
A ~————=8-10 5.93
Nitherm dmagL 9T ( )
for a Py = 1 kW dissipating, L = 100 m-long silica fiber (n & 1.45) with NA =
0.04, Ay =~ 1 Kw—m and g—; =107 K~!. Comparing this with the refractive-index
difference causing the guiding in the fiber, we obtain
NAZ
Anguige ~ —=2% =5.107%, (5.94)

2
2n core
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guided

ray

cladding

Fig. 5.34 Path of a light ray coupled into the cladding of a fiber

Thus, even for very high thermal power dissipations, the fundamental guiding prop-
erties of the fiber stay unchanged, and therefore, the beam quality of the fiber laser
will be preserved in the case of a single-mode fiber even for high output powers in
the kW range.

Double-Clad Fibers

As a protection the fiber is usually coated by an outer polymer. Its refractive index
n3 therefore determines, whether light may be guided in the cladding or not. As
the refractive index profiles consist of several steps, this fiber type is called step-
index fiber. The cladding diameter is usually much larger than the wavelength, and
therefore the propagation within the cladding can be calculated in the scope of geo-
metrical optics. Thus, all light that will hit the fiber end within an acceptance solid
angle A2y with a half angle 6; will be guided inside the cladding, see Fig. 5.34.
This angle can be calculated from the total-internal-reflection angle inside the fiber

as
ARy =27(1 — cost;) =2 (1 — /1 — NAciadding”)- (5.95)

This acceptance cone thus only depends on the numerical aperture of the cladding,

. L 2 _ 52
given by NA iadding = \/ Meiagding = 13-

In a standard fiber, the polymer usually has a higher refractive index than the
cladding, so that no total-internal reflection is possible. This is mostly used for pas-
sive fibers, e.g. in telecommunication. In the opposite situation, the cladding can
also transport light, and the fiber is called a double-clad fiber.

The guiding in the core can be explained in the same way, however, as a result
of the smaller core sizes the guiding needs to be calculated by wave optics, which is
discussed later. As the guiding core has a higher refractive index than the cladding,
the light guided in the cladding can also pass the core of the fiber. This is important
for high-power fiber lasers, in which the pump radiation is coupled into the cladding
of the fiber, from which it will be absorbed each time it passes the core. The fluores-
cence is then emitted from the excited ions into the core and the cladding. However,
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Fig. 5.35 Double-clad fiber
with symmetric and D-shaped
geometry

symmetric D - shaped

only those photons will be amplified to a great extent which only propagate inside
the core. Thus, the laser radiation will be guided in the core. Owing to the smaller
core size, the laser radiation exhibits a much higher beam quality than the pump
radiation. Therefore, the double-clad fiber laser can also be seen as a brightness
transformer (or brightness enhancer), transforming the light of the cladding (with a
low brightness, a high number of modes and therefore a low beam quality) into the
light guided in the core, which shows a high brightness and is emitted into only a
few or a single mode, thus having a very high beam quality. Of-course, this is not a
true transformer, as the emitted light shows a frequency different from the incoming
pump radiation.

However, in double-clad fibers it has to be taken into account that skew waves
can build up in completely rotational symmetric index profiles. These skew waves
do not pass through the core during their propagation inside the fiber, and therefore,
would not be absorbed by the active ions. To obtain a maximum pumping efficiency,
these skew waves have to be suppressed, which can be obtained by breaking the
rotational symmetry of the fiber. This can be done in several ways, from which
the easiest one consists of milling a flat surface on to the fiber preform prior to
fiber pulling. This results in the geometry shown in Fig. 5.35. Usually, about 10—
15 % of the fiber diameter are cut away (c ~ 1.8b), creating a linear reflection edge
which breaks the rotational symmetry and makes self-consistent rays that do not hit
the core impossible. Assuming a homogeneous filling of the cladding by the pump
radiation, which is a direct consequence of the large amount of excited modes in the
cladding, the effective pump absorption inside a double-clad fiber can be expressed
by

AC()I‘E _ Acore

QAeff = p= 04(Ap)N1. (5.96)
Acladding Acladding
Thus, in a double-clad fiber laser, the pump absorption length can be chosen inde-
pendently from the length of the laser medium within certain limits. As the cladding
can be fabricated with a high numerical aperture using a low-index outer polymer, a
high numerical aperture of the cladding can be chosen without changing the mode
properties of the fiber core. Thus, very high pump powers can be used. In particular,
fiber coupled laser diodes can directly pump such a fiber laser without the need for

a high-beam-quality pump laser.
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Propagation in the Core

The step in the refractive index between core and cladding, together with the diam-
eter of the core, determine how the light propagates in the core. As the core radius
a is usually comparable with the wavelength of the laser emission, we have to solve
the wave equation, resulting in the existence of modes in a similar way to those in
the laser resonators. Here, we use the scalar wave equation in cylindrical coordinates

Pv 1w 1 3%w v )
— - — kv =0, 5.97
or2 + r or T3 r2 9% + 7 Hr% 67

where, ¥ corresponds to a component of the electric or magnetic field of the light
inside the fiber, n(r) is the refractive index and ko = i—” the wave vector of the laser
radiation in vacuum. In order to solve this equation, we assume a wave propagating
along the fiber axis with a propagation constant 8 as

U(r ¢, 2)=vr)e e P 1=0,4+1,42,..., (5.98)

where, we already took into account that the wavefunction needs to be unambigu-
ous in the azimuthal direction resulting in an azimuthal mode number /. Using the

abbreviations k7 = nZ, ki — B* and k3 = B> —n2 < k%, Eq. (5.97) can be trans-
formed into a standard dlfferentlal equation
2y 13y )
W—Fr ar (k ——)w 0 r<a, (599)
Py 19
_W+ ]/f — | =0, r>a. (5.100)
a2 ' roor

These are the Bessel differential equations, which are solved by the Bessel functions
J; and K|

Vv () ocJitkir), r<a (5.101)
v (r) < Ki(kar), r>a. (5.102)

2
In the case of small refractive index differences An = % < 0.01, the modes

guided by the fiber are linearly polarized [30]. They are therefore called LP modes.
To describe these modes, the fiber parameter, V parameter, or normalized fre-
quency

_ 2maNAcore

) 5.103
. ( )

. . —_ |2 2
is used. Therein, NA o, = Neore — ncladding

The fiber parameter can also be used to express the number of propagating modes
M of the fiber, given by

is the numerical aperture of the core.

4v?
M_—+2 for V> 1. (5.104)
7T
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Fig. 5.36 Intensity Intensity [a. u.]
distribution of a Gaussian and 1.
a Bessel function

Radius [a. u.]

It can be shown that for V' < 2.405, i.e. the zero of the lowest Bessel function, only
the fundamental mode LPy; is guided in the fiber. These fibers are called monomode
or single-mode fibers. However, it has to be taken into account that two LPy; modes
exist which have perpendicular polarizations.

The transverse intensity profile of this fundamental mode LPy; is, however, very
similar to the one of a Gaussian beam with power P as can be seen in Fig. 5.36,
especially for the central lobe which is the one propagating in the fiber. Thus, we
can assume a Gaussian distribution in the fiber core given by [48]

2r2

2

2P
I1(r) = —e Yo, (5.105)
TWy

for which the mode field radius can be calculated by the empiric formula

wo =a(0.65+ 1.619V 1> +2.876V~°). (5.106)

Spectroscopic Properties of Fiber Lasers

In the following we will discuss the spectroscopic properties of fiber lasers. They
differ from the properties of bulk solid-state lasers as a result of the influence of the
waveguide effect in the fiber. As an example, we will investigate a Tm3+:ZBLAN
fiber laser. Comparing the overlap between absorption and emission in Fig. 5.37, it is
evident that a Tm3*-doped ZBLAN fiber laser can be operated as a laser or amplifier
in a range between 1.85 um to over 1.95 pm. Below this range the reabsorption will
be too high and one would have to use small fiber lengths and thus small pump
volumes. Above this range the gain becomes too low and the intrinsic losses thus
result in high laser thresholds and low efficiencies.

In this context, it has to be noted that the emission cross section can only be
determined either by measuring the fiber preform or by recording the fluorescence
emitted perpendicularly from the outer fiber surface. This arises from the fact that
the waveguiding along the fiber axis strongly changes the fluorescence spectrum of
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the guided light. To model this, we start from the radiation transport equation of the
spectral signal power in a pumped medium

3Py (2)
07

wherein N1 and N, are the population densities of the lower and upper laser level,
respectively. The mode overlap factor between the guided Gaussian mode and the
doped core is given by

=TI'[0.N2(2) — 0aN1(2)| Ps(2) + 0. PoN2(2),  (5.107)

F=1-e¢ ". (5.108)

Assuming that all ions are either in the ground state or the excited state so that
Ni(z) + Na(z) = Ny = N7y is the total Tm>*+-doping density, we obtain for the
amplification of a signal at a wavelength A in a fiber of length L

Ghy) = el TIoN2 ) =0a )N ()M (5.109)

We now assume that the maximum amplification of the fiber is G,,,, and occurs at
a wavelength A4y, which can be calculated from

G (A
960 _ (5.110)
s
The maximum gain wavelength thus solves the equation
90 (As) — 3o (As) ((]);16((;)\&)+0a()\5) _ 1) (5.111)
s s \ TR + 0u(hs)

In this equation, only the spectroscopic properties of the fiber and its length occur. It
is therefore independent of the real axial repartition of the ion densities N;(z). The
cross sections are then expressed by a sum of Gaussian functions and a numeric root
finding algorithm can be used to obtain Ay.

However, in order to obtain the fluorescence spectrum at the fiber end, we have
to integrate the radiation transport equation including spontaneous emission. For
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simplicity, we assume a homogeneous distribution of the excitation density. This
results in a relative fluorescence intensity of

A o,(M)N,I'L
Lea(W) = L(G(A) _ 1)(1 + M)y (5.112)
o.(A) +o,(0) InG(}»)
with
GO\ = el ot Gy 1IN G-I Ny LOa (k) 1= I Ng Loa (1) (5.113)

This simple relation only holds for axially constant population densities.

The result of the simple calculation is shown for a fiber with I" = 0.788 and
N =3.95 x 10*6 m~3 at a maximum amplification of Gq = 100 in Fig. 5.38.
It shows a shift of the maximum of the fluorescence with increasing fiber length
and a simultaneous decrease in fluorescence bandwidth. These effects arise from
the re-absorption, which increases with increasing fiber length.

The experimental results can be seen in Fig. 5.39 and correspond well to the the-
ory regarding the wavelength shift. However, in this experiment the maximum gain
was probably not identical for all fiber lengths, causing the differences in absolute
values.
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Fig. 5.40 Schematic of the experimental setup of a fiber laser

Experimental Arrangements of Fiber Lasers

The principle experimental arrangement of a double-clad fiber laser can be seen
in Fig. 5.40. For a core-pumped fiber laser, this setup only differs in the fact that
the pump light needs to have a better beam quality and that the cladding has a
lower index of refraction compared with the core. In order to obtain an evenly dis-
tributed excitation and heat load, the fiber is usually pumped from both ends. In
many laboratory configurations, often free-space resonators are still used to have a
maximum number of adjustable parameters in the arrangement and the possibility
to include various elements into the cavity. Here, dichroic mirrors (M1 and M2) are
used to combine the pump radiation with the laser mode. The pump beams are then
launched into the fiber by two lenses (L1 and L2), which simultaneously act as col-
limation lenses for the laser mode. On one side, the laser beam is retro-reflected by
an external highly-reflecting mirror (HR), forming the external cavity. Owing to
the high gain achieved in the long fiber, a large amount of outcoupling can be used.
Therefore, it is often sufficient to simply use the perpendicularly-cleaved fiber end
on the other side of the fiber as the OC mirror. This provides a Fresnel reflectivity

of
Roc = ("=1) (5.114)
oCc = n+1 ’ .

which is around 3.4 % for silica fibers with a refractive index of n & 1.45. One ad-
vantage of this external-cavity design is the free-space propagation of the intracavity
beam, which enables the insertion of modulators for Q-switching or of frequency-
selective elements such as etalons for wavelength selection and tuning. However, the
external-cavity configuration has one drawback, which is the increase in intracavity
losses due to the coupling losses that occur when the laser light is re-injected into
the fiber core. As this re-injection efficiency strongly depends on the mode matching
between the reflected beam from the HR mirror and the guided mode of the fiber,
the external cavity has to be well designed and aligned.

In order to avoid this adjustment problem in cw high-power lasers, an all-fiber
solution can be produced, as shown in Fig. 5.41. Pump combiners are used to cou-
ple the pump light into the cladding. These combiners consist of several smaller
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doped fiber

*, pump coupler pump coupler

Fig. 5.41 Schematic of the experimental setup of a fiber laser in an all-fiber design without exter-
nal components

Fig. 5.42 Schematic of the
experimental setup of a
grating-tuned fiber laser

.
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undoped multi-mode fibers which are spliced, i.e. welded, to the cladding of an un-
doped double-clad fiber that matches the doped laser fiber in diameter and index
profile. Thus, the core of this passive fiber is a freely accessible port for the con-
figuration of the cavity, whilst the smaller pump fibers are connected to high-power
laser diodes for pumping. Finally, this undoped combiner is spliced to the doped
laser fiber.

To obtain a fully self-contained, i.e. all-fiber design, fiber laser without any in-
tracavity free-space propagation, Bragg gratings are written into both ends of the
fiber core to act as HR and OC mirror. These Bragg gratings are a periodic refractive
index structure similar to dielectric mirrors. However, they are not created by a thin-
film deposit. This refractive index pattern is written into the fiber by illumination
of the fiber with a UV-laser-created interference pattern, e.g. by using an Ar™-ion
laser, or by a femtosecond laser. Such Bragg gratings have very sharp resonances
with high reflectivity and are written for a specific wavelength. However, slight tun-
ing is possible, e.g. by heating or cooling of the Bragg grating, or by stretching the
grating-containing part of the fiber.

Examples of a CW Fiber Laser Based on Tm3+

As an example, Fig. 5.42 shows the experimental arrangement of a Tm3*:ZBLAN
fiber laser, which is pumped from both sides by two fiber-coupled laser diodes at
792 nm [2]. The fiber has a core diameter of 30 pm, NA = 0.08, and a cladding di-
ameter of 300 pm, NA = 0.47. In this setup the cavity was built by a retro-reflective
mirror (or grating) and the other polished fiber end, i.e. with an OC reflectivity of
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Fig. 5.43 Measured output
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R ~ 4 %. The emission wavelength was coarsely set by the fiber length and the op-
timum pump absorption was adjusted by arranging for an appropriate ratio between
core and cladding area. The experimental performance can be seen in Fig. 5.43.
As expected by the long upper-state lifetime and the negligible multi-phonon re-
laxation in ZBLAN visible in Table 5.2, the threshold is very low and due to the
efficient cross-relaxation mechanism a high slope efficiency of 49 % with respect to
the launched pump power is achieved. At high pump powers a thermal roll-over
occurs, which is not connected to thermal lensing but results from the heating of the
fiber, which was uncooled in this arrangement [35].

An interesting effect is the wavelength independence of the laser efficiency over
a broad wavelength range, which was also confirmed for different modes of oper-
ation of the fiber, used as a fiber laser, an amplifier or as a free-running amplified-
spontaneous-emission (ASE) source. The arrangements operated at completely dif-
ferent wavelengths and therefore at different emission cross sections and reabsorp-
tion levels as can be seen in Fig. 5.44.

This effect occurs as a result of the amorphous nature of the glass host and
shows that an inhomogeneously broadened laser medium can react as quasi-
homogeneously broadened. In the glass host the crystal field varies between dif-
ferent positions in the fiber, resulting in a position-dependent Stark-level splitting
and energy shift for the Tm3* ions in the fiber. However, these site-to-site shifts in
the energy levels correspond approximately to the Stark-splitting within the man-
ifolds. Therefore, a given wavelength within the large emission band can interact
with nearly all the Tm3* ions in the fiber, connecting however different levels in
each ion. In this way, a given wavelength can extract energy from nearly all of the
ions and the medium acts quasi-homogeneously. Only at the lower and upper limit
of the emission range is this effect reduced resulting from a lower possibility of
transitions that match the wavelength.

This quasi-homogeneous-broadening effect is also found in Tm?3* :silica, as can
be seen in Fig. 5.45. A Tm>*-doped silica fiber with a core diameter of 20 um, NA =
0.2, and a cladding diameter of 300 um, NA = 0.4 has been used. The optimum fiber
length was found to L = 2.3 m from the measurements also shown in Fig. 5.45.
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Q-Switched Fiber Lasers

In contrast to low repetition rate Q-switched operation of, e.g. a Tm3*:YAG laser
[33], in which the maximum laser efficiency is determined by the ratio between the
pump pulse duration and excited state lifetime given by Eq. (4.6), high-repetition
rate (VRep > %) Q-switched Tm3* fiber lasers can be as efficient as in cw operation
[2, 34, 36,37].In Tm3+:ZBLAN, owing to its long upper level lifetime, a low intra-
cavity laser intensity is sufficient to saturate the laser transition. Thus single-pass
amplifiers can be easily realized, reaching the same efficiency as in continuous-wave
laser operation [38—42]. However, as a result of the very high laser signal saturation
intensity in Tm3* :silica, cavity losses, as for example the re-injection efficiency in
an external cavity, need to be minimized to get highly efficient operation [2].
Especially for pumping applications, in which Q-switched fiber lasers are
e.g. used to pump non-linear converters, and where high average output powers are
needed, the high repetition rate fiber lasers lead to stable and compact system archi-
tectures. As a result of the guiding effect in fibers, a strong influence of amplified
spontaneous emission (ASE) on the laser properties exists, and it can be shown that
ASE becomes a non-negligible effect when the amplification along the fiber exceeds
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a factor of 100, i.e. 20 dB. However, as recent investigations on a Tm3" :silica fiber
laser have shown, ASE effects can be efficiently avoided in Q-switched fiber lasers
at high repetition rates through good design [36]. The experimental arrangement is
shown schematically in Fig. 5.46. An AOM is inserted into the external cavity for
Q-switching and a telescope increases the beam diameter on the end mirror, where
there is a diffraction grating for wavelength tuning, to avoid optical damage at high
pulse energies. Also EOM cavity blocking can be used; however, as this fiber is
not polarization maintaining, an AOM provides much lower insertion losses than an
EOM and a polarizer.

pes (X AR =

-0;\; - -
H
grating AOM

or gold mirror \ diode diode ]

Fig. 5.46 Schematic of the experimental setup of an acousto-optically Q-switched fiber laser

Tm*-doped fiber
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Fig. 5.47 Average output
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The results are shown in Fig. 5.47. A deviation of the output power from the 37 %
slope line of the CW laser is observed. This deviation is repetition rate dependent
and the direct result of ASE buildup at high pump intensities. These high pump
powers lead to an inversion reaching a value for which the intracavity modulator
could not generate enough losses in order to suppress ASE before the next pulse is
released. Therefore a further increase in output power is only connected to the half of
the original slope efficiency as the ASE is emitted from the fiber in both directions.
It could be shown that this point of deviation in output power is linearly linked to
the repetition rate, an effect that will be explained in the following discussion.

Using the Q-switch theory presented in Sect. 4.1.1 for a repetitively Q-switched
laser, the initial inversion increases with pump power and is limited by the maxi-
mum population inversion (AN ), which would be reached at the incident pump
intensity I, o in the blocked cavity without a laser signal present for t — oo, given
by

2XpT Nabs
AN)po = =L
(AN)co e L

I,0— (N). (5.115)

However, even in the blocked cavity (A N), will never be reached as the buildup of
ASE will limit the inversion to a lower value (AN) QOSE, which corresponds to the
ASE threshold 1 I’:gE of the fiber. This pump intensity at which ASE dominates the
fiber dynamics can even be reduced due to residual feedback caused by imperfect
cavity blocking, for example as a result of the OC fresnel reflection of the fiber
output end.

Owing to the upper limit in (AN); given by (AN >é\oS E ' a maximum pulse energy
can be generated in a given fiber arrangement, which depends on cavity blocking
and fiber parameters. Using Eq. (4.28), which can be rewritten as

S e (5.116)
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in which r is the ratio between pump and threshold power and 7, (7) the extraction
efficiency, and Eq. (4.57), the initial population inversion in repetitive Q-switched
operation can be written as
1
1—e ™Re
__1 7
1 — e TRep

(AN): = (AN),, (5.117)
which simplifies to
1

(AN); = (AN) (1 —e Tke) (5.118)

for r > 1, see Fig. 4.6. At high repetition rates vg, > % this expression can be
approximated and yields
/
(AN), ~ BN)oo o Pro (5.119)
TVRep TVRep

in the case of low ground-state depletion. Owing to the upper limit in (AN); given
by (AN )QOSE , the point of deviation from linearity corresponds to a linear relation
between the maximum allowable pump power PI’,”’?)X and the repetition rate,

P = kyUgep. (5.120)

The linear slope relation between pump and output power then causes a correspond-
ing relation between the laser output power and the repetition rate, given by a factor
k, that can be derived as

8Pout(P;n’%x
=0k, (5.121)

S
d VRep

where, 7, is the laser slope efficiency. These theoretical predictions well agree with
the experiment as can be seen in Fig. 5.47. The corresponding proportionality factors
found were k, =0.7 % and k; = 0.26 % for incident pump powers up to 45 W.
This shows that under high-repetition-rate operation, high average powers can be
achieved with Q-switched fiber lasers.

To maximize the generated pulse energy a careful laser design is needed to in-
crease the ASE threshold of the blocked cavity, allowing high pump powers above
laser threshold, i.e. high values of r, which then result in very short pulses accord-
ing to Eq. (4.30) and Fig. 4.6. This was also verified experimentally, where short
pulses of 41 ns could be achieved from a 2.3 m long Tm3+-doped silica fiber at
r = 15 [36]. As a comparison, Q-switch theory results in a pulse width of 30 ns for
this fiber, taking into account a cavity round-trip time of tgr =~ 22 ns, which can
be seen as the cavity photon lifetime resulting from the strong outcoupling. This
shows that in order to obtain short pulses and to push the ASE threshold as high as
possible, a very low OC reflectivity has to be used in Q-switched fiber lasers.

Power Limits in Fiber Lasers

The fact that the laser mode is concentrated in the small core in a fiber laser causes
three different constraints in output power, depending on the spectral and temporal
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properties of the laser radiation. The first limit is connected to the finite optical-
damage threshold of silica glass, which is on the order of 3 GW/cm?. This is the
intensity, at which a damage is created on the surface of the glass, usually together
with the formation of a plasma and the vaporization of parts of the glass surface.
For the example of a 30 pm-diameter core, NA = 0.04 fiber at a wavelength around
1 pm, a mode field radius of wy = 13 um is calculated from Eq. (5.106) and results
in a damage threshold of

nw% ~
Prax ="~ 1=8kW. (5.122)

At this power, damage to the fiber end faces can occur, making it necessary to re-
cleave or to repolish the fiber ends. It is important to note that this limit gives an
instantaneous power, i.e. it is independent of the temporal mode of operation of the
fiber laser and has the same value for a cw fiber laser, where it denotes the laser
power, and for a pulsed Q-switched fiber laser, where it denotes the maximum pulse
peak power at which damage is likely to occur.

The two other processes limiting the output power of a fiber laser are Brillouin
and Raman scattering, two intensity-dependent non-linear processes.

Brillouin scattering In Brillouin scattering, a photon of the laser field propagat-
ing in the fiber is scattered by an acoustic phonon. Consequently, the most efficient
scattering occurs with longitudinal acoustic phonons. Is a phonon created during that
process, the laser photon gets red-shifted by an amount of vp, which is a function
of the fiber material and the scattering angle between the photon and the phonon.
This is called the Stokes process. In the reverse case, i.e. when a phonon is anni-
hilated in the scattering process, the photon gets blue-shifted, which is called the
anti-Stokes process. The maximum frequency shift is obtained in reverse scattering,
in which the scattered photon propagates in the opposite direction than the incoming
unscattered photon. This maximum frequency shift is given by [43]

2nvy
Vp = )»0
where, v; denotes the velocity of sound of the longitudinal phonons, n the refrac-
tive index of the host medium and Ao the wavelength of the incoming, unscat-
tered radiation, the so-called Brillouin pump radiation. For ZBLAN this results
in vp ~ 18.82 GHz [45].

The interference between the back-scattered light and the incident pump radia-
tion creates an intensity pattern. When the spatial period of this pattern corresponds
to the phonon wavelength and propagates itself with the velocity of sound in the
medium, the lattice deformation created by the phonon will be amplified by elec-
trostriction. This feedback increases the Brillouin-scattering rate and is called stim-
ulated Brillouin scattering (SBS). Thus, a threshold exists and for powers above
a strong conversion from the incoming radiation into the scattered radiation occurs.
However, Brillouin scattering can only occur if the optical pulse width is longer
than the average photon lifetime of the medium, which is 7,, = 3.3 ns for the case
of ZBLAN.

) (5.123)
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Table 5.4 SBS thresholds in

ZBLAN at 1.87 um. The real Fiber1  Fiber2  Fiber3

thresholds are calculated for a

0.23 nm-wide signal line. L 0.3m 1.5m 24 m
wo 370pm 7.2 uym 12.8 um

Pspso 602 W 456 W 900 W
Pgps 107kW  81.2kW 160 kW

In order to derive an expression for the Brillouin threshold, the Brillouin ampli-
fication of a small-line-width pump radiation Av < Avp is used, given by

)
2mn’ pi,

8B (5.124)

~Av pcAZpvy’
where, Avp = #ph is the Brillouin line width caused by the natural phonon lifetime

(natural line width), p the density of the fiber medium and p;; its elasto-optic coef-
ficient. The frequency-dependent small-signal gain of the SBS shows a Lorentzian
line shape and can be described by

2
Avp

gsps(v) = gp 4 R (5.125)
(v— )f—o +vp)? + =

and the SBS threshold power for a low line width pump radiation results in [43]

A
Ppso~21—L (5.126)
8gBLef
where, the effective fiber length
1
Lyg=—(1—eh) (5.127)
o

is nearly equal to the geometrical fiber length L owing to the low intrinsic losses

« in the glass medium. The effective mode area is given by Ay = nng and can be
approximated in multi-mode fibers by the core area A = wa?.

However, if the line width of the laser radiation is much larger than the Brillouin
line width of the glass, e.g. Avp =96 MHz in ZBLAN, the Brillouin line width
Avp in Eq. (5.124) has to be replaced by the laser line width Av [44], resulting in a
real Brillouin threshold of
Agp  Av

—_— (5.128)

Psps ~ 21 .
gLy Avp

An example for SBS thresholds is given in Table 5.4. It can be seen, that in
contrast to the low thresholds obtained for a small laser line width, a fiber laser
or amplifier operating at a line width on the order of 0.1-1 nm shows Brillouin
thresholds that are much higher than the optical damage threshold of a standard
fiber for short fiber lengths. However, for long fibers the Brillouin threshold can be
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much lower than the optical damage threshold and has to taken into account in high
power laser systems.

Raman scattering In analogy to Brillouin scattering a photon can also scatter on
optical phonons, which is called Raman scattering. The Raman effect, however,
is different from the Brillouin effect in several points. First, the frequency shifts
are much larger owing to the higher phonon energies of optical phonons, causing a
frequency shift vg in the range of some THz, where the red-shifted radiation is also
called the Stokes radiation. And second, the decay times of the optical phonons
are much shorter than those of the acoustic phonons, causing Raman scatting also
to occur at laser pulse widths smaller than 1 ns.

In stimulated Raman scattering (SRS) a scattering in the same propagation
direction as well as in the reverse direction is possible. However, here the lowest
threshold is obtained for scattering into the same direction of propagation, resulting
in

Aoy

PSRSZ 16 .
8RLef

(5.129)

The threshold for reverse scattering is about 25 % higher [43], and thus does not
need to be taken into account here. By passing this threshold, a large amount of
the incident radiation becomes red-shifted with a high efficiency. In principle, this
process can repeat itself for the created Stokes radiation, causing successive Stokes
orders exciting the fiber.

The Raman amplification is given by

4 x g

gr = (5.130)

Agn2epc’
wherein x3 denotes the non-linear susceptibility of the glass medium, and A
the wavelength of the Stokes-shifted light. In glasses, depending on the chemical
composition of the glass, several maxima can occur in the density of states of the
phonons, e.g. for ZBLAN one obtains 17.7 THz (590 cm™!), 14.4 THz (480 cm™ ),
11.7 THz (390 cm™'), 9.9 THz (330 cm™!), 8.1 THz (270 cm™!) and 6.0 THz
(200 cm™!) [46]. The strongest Raman amplification occurs on the 590 cm~! line.
In ZBLAN, for example, the Raman gain is about 21 THz wide. Thus, the Raman
pump signal, i.e. the laser radiation, can be seen as quasi-monochromatic compared
to this large Raman line width, and the threshold does not need to be scaled as we
did for the Brillouin scattering.

As an example, Table 5.5 shows the corresponding SRS thresholds for the three
fibers of Table 5.4.They are much closer to the optical-damage limit and usually
determine the upper laser power limit for long fibers, especially in pulsed operation.

The only possibility to avoid these non-linear effects is the reduction of the laser
intensity in the fiber by increasing the mode-field diameter. However, in order not
to loose the modal properties of the fiber, the fiber parameter in Eq. (5.103) has to
stay constant. As the numerical aperture of a step-index fiber usually has a lower
limit of NA > 0.04 as a result of the fiber-manufacturing process, the core diameter
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Table 5.5 SRS thresholds . . .
for three ZBLAN fibers at Fiber 1 Fiber 2. Fiber 3
1.87 um.

L 0.3 m 1.5m 24m
wo 370 um 7.2 pm 12.8 um
Psrs  264kW  20.0kW  39.5kW

is limited to ~30 pm. Even if lower numerical apertures would be possible, high
bending losses would result and the fiber laser would loose its beneficial property
of being coiled to obtain a small laser volume. These upper limits in core size are
related to the principle of the step-index fiber. Using photonic-crystal fibers the
effective core diameter can be greatly increased. The guiding in these fibers is not
caused by a step in the refractive index, but by a wave-optical effect: The core is
surrounded by an air-filled hole pattern, which results in a band-structure for the
light frequencies, comparable with the energy band-structure of electrons in a crys-
talline solid. Thus, for certain wavelength bands, a band-gap exists, and these wave-
lengths are not allowed to propagate in the structure around the core. This confines
the light to the core area. Another simple argument to explain this guiding effect
is that by introducing the air holes, the average refractive index of the cladding is
lower than the core. However, this simple argument does not allow to explain the
frequency-spectrum of the guiding band gaps. These photonic-crystal fibers allow
single-mode operation with core diameters of over 100 um. However, a large core
diameter with single-mode guiding corresponds to a small NA fiber. Thus, very high
bending losses occur and these fibers have to be aligned straight in order to avoid
these losses.

Using these photonic-crystal fibers, single-mode CW output powers of several
kW have been realized with Yb3*-doped silica fibers.

Applications

Most high power fiber lasers are Yb3*-doped silica fibers emitting in the 1.03—
1.08 um range and are used in welding and cutting applications. In 2006, the state-
of-the-art was 2 kW in a single-transverse mode realized by IPG Photonics, Bur-
bach, Germany, while multi-mode fiber lasers generate >10 kW out of a 100-
300 um-core multimode fiber. These systems reach efficiencies of up to 25 %. How-
ever, the fiber laser units usually consist of several modules emitting some 100 W,
which are then all coupled into a single 100-300 um-core undoped transport fiber.
Due to the low beam quality of the multimode output fiber, these sources can only be
used with short distances between the fiber output optics and the workpiece. In 2012,
single-transverse-mode fiber lasers of 10 kW output power have been produced—a
value close to the damage threshold calculated above. Other important applications
are in medicine and arise from the easy delivery of the laser radiation with the fiber,
that can be introduced into endoscopes for low-invasive surgery. In these applica-
tions, however, a radiation around 2 pm is better suited due to its strong absorption
in water.
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5.3.3 The Thin-Disk Laser

The basic idea behind the thin-disk laser is an axial, one-dimensional heat flow
within the laser medium towards the heat sink. Therefore, at any axial point along
the laser medium, a homogeneous radial temperature distribution is predicted to
occur and consequently, no thermal lensing results. The schematic of such a laser is
depicted in Fig. 5.48. The laser-active medium is a disk with a diameter of several
mm to some cm, with a thickness of some 100 pm. The disk is AR coated for a
high transmission at its front face, and HR coated at its back face, with which it
is soldered to the copper heat sink using indium or gold solder. The laser cavity is
formed by the HR coating on the disk and an external OC mirror. This mirror allows
control of the cavity mode size to match the pumped area in the disk.

The heat-sink assembly of the disk is shown in Fig. 5.49. The laser-active disk
is soldered with indium on to a larger copper disk, which itself is mounted on to
a hollow copper block. Inside this block, a water jet is emitted that hits the back
surface of the copper disk for efficient cooling. Water-jet cooling is chosen as it is
much more efficient than a simple laminar flow along the copper surface.

The pumping scheme of a disk laser differs from usual longitudinal pumping, as
the disk itself shows a small single-pass absorption as a result of the low thickness
of the disk. In order to enhance the pump absorption, the pump beam makes multi-
ple passes through the disk. This multi-pass pumping scheme is shown in Fig. 5.50.
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Fig. 5.50 Schematic of the pump system of a disk laser, using a parabolic mirror and retro-reflect-
ing prisms to achieve a total 24-pass (m = 12) propagation of the pump radiation [47]

The pump light, usually emitted by a highly-multi-mode fiber or a glass-rod ho-
mogenizer, is collimated by a first lens and directed on to a parabolic mirror, which
images the fiber output on to the disk. The non-absorbed pump power then is re-
flected from the disk, hits the parabolic mirror on the opposite radial point and
is collimated again. Around the disk-heat-sink assembly, two 180° retro-reflecting
prisms are used to flip the residual pump beam propagation path and to direct it on
to another spot on the parabolic mirror to perform a second pass through the disk.
After being re-collimated by the parabolic mirror, the residual pump light after the
second pass hits the other 180° retro-reflecting prism, which is tilted with respect
to the first prism. This optical configuration causes the pump beam to make multi-
ple passes through the disk. The optical path lengths in this pump arrangement are
chosen so that the disk is imaged on to itself after each pump pass (relay imaging).

The theoretical number of passes only depends on the tilt angle between the two
prisms. After the first m passes, where m denotes the number of passes through one
disk thickness L, the beam hits one of the prisms symmetrically on the reflection
axis, causing the beam to be retro-reflected. Therefore, this multi-pass pump optic
achieves in total 2m pump passes through the disk. The corresponding tilt angle
between the two prisms is thus

y = ﬂ (5.131)
2m
i.e. 15° for the 2m = 24 pass setup shown in Fig. 5.50.

The effective number of pump passes through the disk, however, depends
strongly on the pump absorption of the disk and the values of the reflectivity of
the mirror, prism and disk coatings and the transmission of the AR coating on the
disk. Assuming a single-pass disk transmission of

Tp =e L, (5.132)

with o, being the pump absorption coefficient and L the disk thickness, we obtain
a residual power after an even number of m passes, i.e. after a number of 7 back-
and forth passes (reflections) through the disk, of

m
2

Presm = (R2RpR) >~ (T3 RHRTD)" Rp Pine, (5.133)
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Fig. 5.51 Pump absorption 1.0—T
efficiency of a disk laser with
a total 24-pass (m = 12)
propagation of the pump
radiation for various
single-pass disk transmissions
and HT coatings
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where, Pj, is the incident pump power entering the disk-laser module, Rp the re-
flectivity of the parabolic mirror, Tyr the transmission of the anti-reflection coating
on the disk, Ryr the reflectivity of the HR coating on the disk for the pump light
and Rpg the total reflectivity of a prism for one 180° turn. Thus, after the full 2m
passes the residual pump power is given by

Pres,om = (R%, RPR)m_l (TI-ZITRHRTD)zm Rp Pipc. (5.134)

In analogy, the amount of pump power absorbed during the %5 th reflection on the
disk is given for an even m by

m
2

m_y -1
Papsm = (1 = Tp)(1 + TpRup) (RpRpr) >~ (TrRuRTH) 2™ Rp Pine. (5.135)

Summing up all the contributions from the different passes, we obtain the total ab-
sorbed pump power as

m
Pt o= Pabs2k: (5.136)
k=1

resulting in
1 — (RHRRE RpRTA TA)™
1 — RugRE RprTA TS,

Pl o =Rp(1 —Tp)(1 + TpRug) Pipe.  (5.137)
In order to see the effect of the different reflectivities and transmission values on the
total pump absorption, we assume a constant reflectivity value for all the different
reflective surfaces of Rgr = Rp = Rpr = R. This results in a pump absorption
efficiency of

1 — (RATRTH"

: (5.138)
1 — RATATS,

0% om =R~ Tp)(1 + TpR)
which is shown for different values of 7p and Ty7 for the case m = 12 in Fig. 5.51.
It can be seen that for an efficient pump absorption, very good, highly-reflective,
mirror coatings are necessary, and a very good anti-reflection coating on the disk
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Fig. 5.52 Schematic of a laser-active disks
multi-disk setup with a single
cavity, in which the total
single-pass gain is increased

folding mirrors

has to be used. These coatings are especially critical as they have to provide this
performance at all the different incident angles occurring for the pump beams, taking
into account that the pump light is usually unpolarized after the homogenization in
the fiber or glass rod.

Another important point arises from the low gain resulting from the low thickness
of the disk. Therefore, a high OC reflectivity has to be used and the intracavity losses
have to be minimized to very low values in order to obtain a high laser efficiency. To
increase the single-pass gain, several discs can be arranged within one laser cavity
as shown in Fig. 5.52. This cavity consists of an OC and a HR mirror at the ends,
and a zig-zag path between the different discs using passive folding mirrors. Using
this multi-disk design, Yb3*:YAG thin-disk lasers with output powers of >10 kW
have been realized for welding and cutting applications in industry.

Power Limitation in Disk Lasers

A main limitation of the performance of disk lasers is the maximum extractable
power per disk. This is a function of the disk size and is limited by amplified-
spontaneous emission (ASE) mainly occurring in the transverse direction in the
disk, where the gain-length product is much larger than in the axial resonator-mode
direction. This aspect is especially important for closed paths within the disk, for
which at each intersection with the disk boundary a total-internal reflection occurs,
the round-trip losses on the path can become very low, resulting in a self oscilla-
tion of the disk on the internally trapped modes, called parasitic modes. At high
OC transmissions, which are used in high-power lasers, these modes may therefore
reach their threshold at a pump power much lower than the threshold of the cavity
modes. Especially for power scaling, in which in principle an increase of the disk
diameter at constant pump intensity should yield very high output powers, the onset
of parasitic lasing can set an upper limit on the disk size and output performance of
the laser. In a circular disk laser, three different parasitic modes can occur, depend-
ing on their main propagation schemes: ring modes, transverse modes and radial
modes.

The ring modes are oscillations that are only reflected on the cylindrical outer
surface of the disk. Assuming that an efficient reflection will only occur at incident
angles 6, on that surface, which are larger than the critical angle of total-internal
reflection

1
6. = arcsin — (5.139)

n
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Fig. 5.53 Sketch of a
parasitic ASE ring mode
reflected on the cylindrical
outer surface of the disk

Fig. 5.54 Transverse mode HT-side
propagation through the disk
center

pumped volumé

HR;-side

in the laser medium, we directly obtain from Fig. 5.53 that these modes cannot pass
an inner disk region with a radius R,,;; given by

R D 0 b 5.140

mlﬂ_ZSIHC_zn’ (' )
where, D is the diameter of the disk and n its refractive index. This relation, is
therefore, the key to the suppression of the ring modes in a disk laser. The radius
of the pumped area just needs to be smaller than the minimum ring-mode distance
from the disk center, given by R, and possible ring modes do not exhibit a gain
during their propagation. In the case of a quasi-three-level laser medium like Yb3*-
doped crystals, the strong reabsorption on the laser line in the unpumped part creates
an additional loss, helping to suppress the ring modes further. Also, a hybrid disk
can be used, in which the outer part is doped with a strongly absorbing ion.

The transverse modes are reflected on the front and back surface of the disk and
on the cylindrical part. The maximum gain per mode round trip is obtained for the
transverse mode, which propagates through the disk center, shown in Fig. 5.54. Ac-
counting for the angle-dependent reflectivities of the three disk surfaces, this mode
should start oscillating when the gain along the propagation path compensates for
the reflection losses, i.e. when

k k £
Ryr(0a) Ryr(8a) Re (8g)e % =1, (5.141)
where, Ryr(0,), Rur(6,) and Rc(0,) are the angle-dependent reflectivities of the
HR, HT and cylindrical side of the disk, and k is the number of reflections, given by
D

k=———. (5.142)
2L tan6,
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Taking into account that the gain-diameter product gD in Eq. (5.141) accounts for
the average gain of the mode propagating from one side to the other, and assuming
that only an inner diameter d of the disk is pumped to suppress the ring modes, this
average gain-diameter product can be expressed by

gD =gnd —a(D —d), (5.143)

where, g, = 0e(Xy) N2 — 0,4 (Ap,) N1 is the gain coefficient at the mode’s wavelength
Am inside the pumped volume, assuming homogeneous populations densities within
the disk, and o = 0,(A,;;) N1 the absorption coefficient of this wavelength in the
unpumped part of the disk.

As any kind of optical coating cannot change the total-internal reflection property
of an optical medium with respect to its surrounding refractive index, the transverse
modes will only be efficiently reflected at the HT side for 6, > 6.. Thus a simulta-
neous total-internal reflection on the cylindrical surface can only occur at angles of

00 <0, <90° — 6. (5.144)

For YAG, this results in 33.3° < 6, < 56.7°. If we now assume that all the reflections
are perfect, it follows directly from Eq. (5.143) and Eq. (5.141), that in a four-level-
laser medium (« = 0) the parasitic modes will immediately oscillate as g, d > 0,
and no laser action will occur through the cavity modes. For a quasi-three-level
laser medium (o > 0), we can rewrite the parasitic mode threshold gD > 0 using
N1+ Ny = N,y as

p) - oa(Am) (D

m > m E — 1>0'a()\m)- (5.145)

As a result of the McCumber relation in Eq. (2.32) the absorption cross section
decreases exponentially with respect to the emission cross section at the long wave-
length edge of the emission spectrum. Therefore, Eq. (5.145) can be always fulfilled
for a given N; by a long-enough wavelength of the parasitic mode.

In the case of a non-perfect reflection, the condition for the onset of parasitic
lasing, Eq. (5.141), results in a minimum reflection coefficient

Ri(0a) = Rizg(0a) Rizr (0a) R (B), (5.146)

which is given by

0 Re(B0) > D () — L 2

~ sinf, D Ny

In the case of a perfect reflection on the HR and HT sides and Rc(6,) < 1, we

obtain a maximum gain for 6, = 6.. Then, the minimum reflection of the cylindrical
surface is obtained as

(Ue(km)+aa(km))>. (5.147)

d N

D m (Ue(km) + 04 ()\m))) (5.148)

It can be shown that the minimum reflection R¢ (6,) in this case can be very small,
resulting in the need for a strong control of this value in order to suppress the trans-
verse modes. In the other important case when a non-perfect reflection Rgr(6,) < 1

InRc(6.) = Nipin D <Ua (Am) —
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Fig. 5.55 Suppression of
transverse and radial modes
by a non-cylindrical disk
surface

is assumed at the HR side, whilst all other sides are perfectly reflecting, we ob-
tain a maximum gain for 6, = 90° — 6.. This modes shows the lowest number of
reflections on the HR side. The minimum reflectivity then results in
d Ny
In RHR(9OO - Qc) > 2nL Niot (Ua Am) — ——— (Ue()\m) + 0y ()Lm))) (5.149)
D Niot
In CW Yb3*:YAG disk lasers this value can be as high as Ryr(6,) ~ 0.99 without
causing transverse modes to oscillate, whilst in Q-switched systems with a higher
inversion density, the reflectivity of the HR mirror in the angular range discussed
here needs to be low enough, e.g. Ryr(6,) < 0.8 to suppress the transverse modes.
A low HR reflectivity, however, results in a larger amount of fluorescence leaking
through the HR mirror. This fluorescence gets absorbed by the heat sink and thus
increases the cooling power necessary in order to maintain the disk temperature. As
can also be seen in Eq. (5.149), a short crystal length L is beneficial to increase the
oscillation threshold of the transverse modes. However, this has to be compensated
for by a larger number of pump passes.

The radial modes do not show any total-internal reflection and oscillate through
the disk center on the Fresnel reflection provided by the cylindrical disk surface, i.e.
at 6, = 90°. They usually do not occur in cw lasers as a result of the low inversion
density in cwW operation and the corresponding low gain. However, radial modes
can occur in Q-switched disk lasers which show a much higher inversion density.
The threshold for the radial modes can thus be expressed by

N,

InRc (900) > NtotD<o-a (Am) — % (O-e()\m) + 0q ()‘m))) (5.150)

tot

To suppress the transverse and radial modes, the outer disk surface can be shaped
in a conical form shown in Fig. 5.55. Starting with an incident angle on to the bottom
surface of 6, the mode will be reflected from the outer surface and its incidence
angle on the top surface will be

€=6,—2y]|. (5.151)
The mode is thus non-total-internal reflecting for
90° — 6,
— ¢ < y <0, (5.152)

which can only be fulfilled for n < 2, e.g. for YAG, where 28.4° < y < 33.3°.
A mode reflecting totally on the upper surface needs a cone angle y of

90° — 20, <y <6, (5.153)
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to be non-total-internal reflecting on the bottom surface, resulting in an incident
angle of

B=190°—y —0,]. (5.154)

For n < 2, this relation is also fulfilled when Eq. (5.152) is fulfilled. Thus, for YAG,
a cone angle in the range 28.4° < y < 33.3° has to be chosen for transverse and
radial mode suppression.
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