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Abstract

In this research, the effect of each of the concentrations ( Nd*3) was studied (N) the thickness of
the thin disk (d) the number of times that the pumping beam passes through the effective medium
of this laser (Mp) the reflectivity of the laser output mirror (R 2) The losses of the effective
medium (L) and the pumping power used in achieving the reverse qualification (Pp) on each of
the pumping threshold capacities (Pp.tn) and the output power of the laser (Pout) and the efficiency
(1) in Nd®* thin-disk lasers (TDLs) pumping quasi-three-level With continuous operation (cw),
at room temperature, and in the Gaussian mode (TEMOQO),

We found under these operating conditions for this laser design that each of the (Pout) and (1)
increases by increasing each of (N), (d), (Mp), and (R2), while the ( pp.n) decreases with this
increase. We also found that as the losses (L) increases (pout) and (1) decrease, and (pp.th) increase,
as for increasing the pumping capacity, it leads to an increase in (Pout) only. Both (Pout) and (1)
are not affected by such an increase. In light of these results, the typical values for these
coefficients were determined, and then you get the highest value for pout and (1) the lowest value
for (pp.tn) for this laser design under the operating conditions that were adopted in this research.

Keywords: thin- disk laser, continuous wave operation, single mode laser, typical values.

1. Introduction

The mechanism represents the improvement of detail by strong lasers to higher efficiencies,
as they are constrained by the warm waste generated in the laser medium. The warmth of the
waste leads to a temperature slope and thermal-optical aberrations, which completely limit the
natural illumination and power of powerful detail lasers.Quasi-three-level lasers display a
limited quantity of quantum deformities and low nonradioactive energy movement; however,
they should be siphoned hard to get productive laser outflow at room temperature [1]. The
meager circle-molded (Nd**:YAG) component is patched on the warmth sink and depends on
exceptionally effective warmth expulsion because of the small thickness of the gem. To build
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siphon retention proficiency, different siphon plans, for example, the sing allegorical multi-pass
siphoning structure [1, 2],

A gem plate with a thickness more modest than the breadth of the circle is mounted with one
of its faces, which is high-reflectivity covered for both the laser and the siphon frequency, on a
warmth sink. Diode-siphoned slender plate lasers (TDL) all the while give high power, high
optical proficiency, and great pillar quality. The significant utilizations of TDL are cutting,
welding, far-off welding, and half-breed welding [1, 2]. In a powerful system, a multi-pass
framework along with a diode laser is utilized to siphon a few hundred micrometers thick. The
multi-pass framework is used for expanding siphon laser assimilation. Such conditions bring
about the improvement of the siphon pillar profile on the plate surface, which thusly brings about
better execution of the TDL [2].

There is an uncommon kind of framework that can be viewed as a moderate between the three-
level and the four-level frameworks. This happens when the lower laser level is near the ground
level. The population is dispersed into levels as indicated by Boltzmann's constant, so in warm
balance at room temperature T, the energy contrast (AE) between those two levels complies (AE
~ kT), where k is Boltzmann's constant. In these conditions, the lower laser level will be
populated, affecting the light intensification measure. [3]

2. Analytical solution:
2.1. Boltzmann occupation factors

A solid-state laser's gain material is made up of a host material, such as glass or crystal that has
been doped with optically active ions. Related energy levels determine stimulants and the
spectroscopic characteristics of the gain material.

The energy between the nucleus and the electrons, the Coulomb interaction, and the spin-orbit
interaction all play a big role in selecting such energy levels. According to the Stark effect's
definition [4], this divides energy levels into multiples of Stark, each of which might include
numerous Stark levels. When the separate Stark levels are coupled by the phonons, the thermal
equilibrium of the energy levels is achieved. Different laser methods can be used depending on
the energy splitting [5, 9, and 10].
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Figure 1. Energy Sublevels distribution of Nd3*:YAG (TDLs)
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2.2. Beam quality aspects

The beam quality represented by the times diffraction-limit factor (M?), which is
evaluated using a coherent mode master, is dependent on the resonator configuration
[6].

The two-mirror resonator used in the resonant cavity has an out-coupling mirror
with a curvature radius of (ry) and a thin disk mirror with a dynamic curvature radius
of (R2) brought on by heating and stress. The equation below shows that (M?) is
considered to be proportional to the pump spot radius, (wp), and inversely
proportional to the thin disk's pump spot radius, (ws), if (TEMoo). [7].

:a Wp

M? (10)

The constant (a) denotes the overlap between the pumping beam intensity and the lasing mode
intensity. The multimode Gaussian beam only takes up about (85%) of the pump spot in reality,
according to (TDLs) calculations, even though (a) = (1) if there is perfect overlap. The beam

radius over the resonator length is (M? = 9.8) for a beam quality number. [8,9,10].
165
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The radius of the laser mode must be tailored to the radius of the pump spot (wp) for the basic
mode operation of TDLs. The spot of pumping serves as a soft aperture due to re-absorption in
the thin disk's unpamper portion. For small radii (ws) of the TEMoo mode on the disk, higher-
order laser modes can oscillate if their radii are still junior to the radius of the pump spot [11].

These higher-order states can be successfully inhibited by increasing (ws). If (wr) becomes too
large, the TEMoo mode's losses increase as well. For the disks we used, an optimal fundamental
mode operation [12]

2.3 Rate equations

The sub-level of the ground state is the lowest laser level, as shown by examining the rate
equations for a quasi-three-level laser. In fact, the most significant types of lasers currently in use
belong to these two classes of lasers. One can cite a few applications for the four-level laser class
as examples: (1) For the majority of the numerous potential transformations, ion crystal lasers,
such as neodymium lasers, in a variety of hosts [13]

2.3.1. Quasi-Three-Level Laser

It is assumed that all sub-levels of the ground state are closely connected and in a condition of
thermal equilibrium in the semi-three-level laser, where the lower level of the laser is level 1 in
Figure 2. Similar to the upper laser level, Level 2, which is considered to be in thermal
equilibrium because it is a member of a group of upper state sublevels. Hence let's

Figure 2. quasi-three-level laser scheme.

N1 and N2 be is the combined populations of all ground states and all higher state sublevels.
We shall only be interested in populations N1 and N2, as we again assume a very rapid decay
from the pump level(s) to the sublevels of the upper state (a quasi-ideal three-level state).

Now let's assume that the energy difference between sublevels 1 and O is comparable to KT
and that sublevel O represents the lowest sublevel of the ground state. Laser photons will be
absorbed in regions of the lower laser level where a negligible portion of the ground-state
population, N1, is present. The rate equations for each of the lower and upper state laser sublevels
can be written in terms of, after the discussion, The relaxation durations for energy levels inside
a manifold are quite short due to the small energy splitting of each manifold. The rate equations
for the ground state level (E1) with populations (N), and the excited state level (E2) with
populations (Ny) can be expressed as follows: [9, 10, 13]
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Ap is the Pumping wavelength, gap is Absorption Cross-section of Pumping, gep is Stimulated
Cross-section of Pumping, AL is Lasing wavelength, ga. is Absorption Cross-sectio of Lasing
oel IS Stimulated Cross-section of Lasing, T is Transmission of the output coupler, f; is Thermal
Boltzmann factor in lower level, fy is Thermal Boltzmann factor in upper level, k is Boltzmann’s
constant, h is Planck’s constant, and Ny is the ion concentration in the upper manifold. N is the
total ionic concentration, ©p is the assimilation coefficient for siphon radiation, Ip is the average
intensity of the pump in the crystal. 1. is the energy intensity of the scattered laser radiation
inside the resonator, 1, is Absorption efficiency, M? is Quality factor, wy is Pump radius, ws is
Base Transverse Mode Half Diameter TEMOO, Pp.tn.1 is Pump power at threshold, Ay is Effective
area of the pumping spot, vp is Pump frequency, Pout is Laser out power, n is Efficiency of disk
laser, Mp is the number of lasers that pass through the crystal for each resonator, 7 is Lifetime of
the excited state, d is The thickness of the thin disk, c is The velocity of an electromagnetic wave
in avacuum, and T is the temperature of the heat sink.

2.3.2. Steady- State Solution

During steady-state laser operation, the values for dNu/dt and (dI_/dt) are equal to zero when the
system is in an equilibrium state. For the population inversion, it is obtained immediately (Na)
2.3.3. Round-Trip loss

What portion of the laser field's energy is converted to background radiation depends on the
round-trip loss or background loss in laser physics. Unusable at each round-trip, it can be
absorbed or scattered, the round-trip losses in the resonator can be describe as [14]

§=—In(1-T)—In(L-L) (13)
where
Tr=1-R; (14)

(R2) is the output reflectivity at laser wavelength for the quasi-three-level system, and (L) is
the internal loss at the quasi-three-level system, respectively [4].

2.3.4. Stokes and absorption efficiency
Tthe stokes efficiency is defined as [15]

0 =2 (15)
where (Ap) is the pumping wavelength and (A) is the laser wavelength at quasi-three-level.
However, the absorption efficiency for the absorbed intensity and initial pump intensity in given
by using the Beer-Lambert law for multi pass systems[16]

1a=Rp (1- (exp(-Mp*ap*d)) (16)

where.

(Rp) is the total reflectivity of the multi-pass pumping system, and (M) is the number of passes
of the pump beam in the active medium. The absorption coefficient at the pumping wavelength
is given by[14]

ap = opfLpNt @17

where (f/7) is a fractional occupation of density lower pump State However,

the absorption coefficient at laser wavelength is given by
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o =o1 f1i' Nt (18)
where (fi!) is a fractional occupation of density lower laser state.

2.3.5. Pump Power at the Threshold (Pp.th)
Where the threshold conditions [16]

Nu= Nu.h (19)
h=0 (20)
|p: |p-th (21)
Pp.th = Ip.th *Ap (22)
Ap:T[ Wp 2 (23)
Then

ot mhe 201 |n R,+LsL1) (24)

P-ph _401prp(fup+f1p)T * 1-exp(wf/w3)

Here f, and fi signify the population numbers in the Stark components of the upper and lower
laser levels involved in the 808 nm emission, respectively. p stands for pump quantum
efficiency. fi is the population fraction of the 4F3/2 Stark level employed for the emission at 946
nm. L, are the residual losses on the return trip.

Loi=4c1 fi» N (25)

N is the concentration of Nd and is the reabsorption loss for the quasi-three-level

emission. R is the reflectivity of output mirror at 946nm.

2.3.6. Laser output power (Pout).
By the steady-state condition and when: [15]

lout=Tr (26)
Po=Ap Ip (27)
Pout = Ap lout (28)
The formula of equation output power is given by [16]

Tr
Pout = Na s (Pp'PP-th) (29)

(—(1-Tr)—In(1-L))

2.3.7. Efficiency(n)
For any Laser design, the equation of the output Power is given by [17]

Pout = I (Pp'PP.th,) (30)
From combining Eq. (29) and Eq. (30), the equation of efficiency (I]) is obtained by
(31)

U= Thha-tp-na-r Jals

3. Numerical solution

In this article, the MATLAB program was used to find the numerical solution to each of the
Pp.th equations with the number (24) and the equation P oyt with the number (29) and the equation
() with the number (31). Figure (1) shows the values of energies for all levels produced by the
stock effect of the Nd*" element in the YAG crystal, which are necessary to calculate the
Boltzmann coefficients at low and high room temperature, which are shown in Figure (2).
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Table 2 shows the values of these coefficients at the pumping wavelength (808 *10° m), which
were calculated through the two equations (6) and (7), respectively. These coefficients were
calculated at the laser wavelength (946*10° m), which were calculated through equations (8) and
(9), respectively. As for the value of (M?), which was calculated through the equation (10), the

arameters Value unit
Hosts YAG -
Ap 808*10° m
Gp 7.9%10% m
A1(Q.31) 946*10° m
c1(Q.31) 3.7*10% m-2
T 230*10° sec
T 300.15 ke
a 0.85 -
Wp 0.77 -
Wo 195*106 m
Wi 229.42*106 m
W3 250*106 m
h 6.6205*10-% J.sec
k 1.38*10% J.c/K®
c 3*108 m/sec

value of (wp =229.42 *10°) was adopted in order to obtain (M? = 1) to ensure that the laser in
question works in the basic transverse pattern (TEMoo).

Table 2. Boltzmann coefficients for Nd*3:YAG thin disk laser for quasi-three-level

Parameters Value
f1 (808) 0.4634
f, (808) 0.9045
fi (946) 0.0079
Fu (946) 0.5991

Table (3) shows all the values of the equations needed to solve the above equations using
MATLAB. These values were chosen from recently published international research on the laser
in question. Through this, the effect of the factors affecting the operation of this laser design was
studied, as follows:

Table.3 Parameters needed to obtain the numerical solution by MATLAB program for Nd3*:YAG (TDLs)
3.1. Effect of Concentration (n)

Figure 3 clarifies the relationship of the laser output capacity with the three pumping capacity
values for concentration (n), where we note that both the ability of the laser output and efficiency
are higher when focused (at 1.1%), while the pumping threshold capacity is less valuable to it at
this focus, and this is what is indicated by Table 3. We also noticed that increasing the focus
beyond these values did not change much in its values, both in terms of the ability of the laser
output and efficiency.

It is preferable when using the Nd** element to work with relatively low concentrations
compared to the Yb3* element because the time for the atoms to reach the upper laser level will
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decrease with an increase in the focus of the Nd®* element, which causes an increase in the
capacity threshold.
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Figure 3. output power versus pumping power at different values of concentration (N)

Table 3. pumping power and efficiency at different values of concentration (n)

Parameters N at %

0.1 0.6 1.1
11(946)% 22.14 57.91 61.92 -
Pp.th (946)% 410.3924 160.1204 152.7960 w

3.2. Effect of Thickness (d):

Figure (4) clarifies a relationship that the laser output is with the ability of pumping for three
values for fish (d), where we note that both the ability of the laser output and the efficiency are
higher when (d=300*10°m) because the fish cushion leads to an increase in both (1) and
increasing the size of the region from the effective medium to display it directly to the pumping
package, and at these values for (d) the ability of pumping is less possible and this is what Table
(4) shows and this fish (d=300*10°m) is used globally in a manufacturing. These lasers:

\
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d=300

400 | /e

300 -| /

Pout (w)
.
.

200 ) &

100

T T T T
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Figure 4. output power versus pumping power at different values of thickness(d)
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Table 4. pumping power and efficiency at different values of thickness (d)

Parameters d (m)

100*10® 200*10° 300*10° Unit
11(946)% 49.89 59.91 61.92 -
Pp.th (946)% 184.1023 155.6250 152.7960 w

3.3. Effect of output reflectivity (R2)

Figure (5) explains the relationship of the ability of the laser output to the ability of pumping
for three values of reflexes, the laser output, where we note that both the ability of the laser output
and the efficiency are higher at (R.= 0.9). To increase the capacity of the pumping threshold,
which negatively affects both the ability of the laser output and efficiency, it is scientifically
preferable to be the reflection of the laser output mirror within these limits.

s0 | [#—R2=0.75
e R2=0.825 /
4 R2=0.9 £y

Pout (w)
L

0 400 800 1200 1600 2000
Pp (W)

Figure 5. output power versus pumping power at different values of output reflectivity (R2)

Table 5. pumping power and efficiency at different values of output reflectivity (R2)

Parameter R>

0.7 0.825 0.9
11(946)% 54.87 58.47 61.92
Pp.th (946)% 501.3506 316.1524 28.2412

3.4. Effect of power pumping (Pp)

Forms (6, 7, 8) relationship clarify the leaner output with the ability to pump in the medium,
medium, high, consecutive, consecutive views, where we are updated that the liability of the laser
output increases by increasing the pumping capacity always because increasing the pumping
capacity caused the reverse rehabilitation such as this laser design and thus increasing the number
of photons that cause stimulating emission, which is the basis of laser emissions, while you find
that everyone who has pumping and efficiency is never affected by this increase.
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Figure 6. Relationship of laser output power to pumping power in low- range
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Figure 7. Relationship of Laser Output Power to Pumping Power in Mid-range
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Figure 8. Relationship of laser output power to high- range pumping power
Table (6) shows the optimal values of these factors, which, when used, give us a high exit and

efficiency. In addition to that, the pumping capacity is at its lowest value, as with these values,
so it is preferable to manufacture this laser in practice according to these optimal values.
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Table 6. Typical values of Nd**:YAG

Parameters Value unit
T 300.15 K°
N 1.lat%

d 300*10° m
Mo 32

Rz 0.9

L 0

Ao 808*10° m
A 946*107° m
Wi 195*10° m
Wy 229.42*10 m
Wi 1170*106 m
Wa 900*10° m
W3 900*10° m
Po (160-4000) w

4. Conclusions

The laser output power (Pout) and the efficiency of this laser design (1) increase with the increase
of (N),(d), (Mp), and (Rz) in this operating system., While the pumping threshold power (Pp.th 1,2)
decreases with the increase of (N), (d), (Mp), and (R2). - The laser output power (Pout) and
efficiency (1) decrease while the pumping threshold (Pp.tn1,2) increases with the increase of (L).
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