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ABSTRACT

There is a strong need for an optimized management of the thermal problem in
Yb:YAG laser rod and for a powerful, fast, and accurate modeéing capable of
treating the heat source distribution very close to what it actually is. In this paper, a
new optimization algorithm called Bacterial Foraging Optimization Algorithm (BFOA)
is proposed for simulation of the radial heat distribution. A BF@Acloses a
simulation method which delivers the exact temperature distribution in a circularly
cylindrical structure with a circularly symmetrical, longitudinally, and transversally
nonuniform heat source distribution and circularly symmetrical cooliegmsits rod
was end pumped with 940 nm and it has been tested with pump power ranging from
1Kw to 2Kw for radius pumping ratio of 1/2, 1/3, and 1/4, for both Top hat and
Gaussian beam pumpinghe output power is obtained and compared with previously
published experimental measurements for different pump power and a good agreement
has been found.

Keywords: Solid State Laserd hermal DistributionBacterial Foraging
Optimization Algorithm.
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List of Symbol
Q,(r.t) the rate of energy generated from the
absorbed part of the pump beam per uni
volume,
Q@ (r zt) the rate of energy generated from the
absorbed part of the amplified laser radiati
per unit volume
Kk the thermal conductivity of the material
T (r, z,t) the temperature distribution generated fro
the absorbed part of the amplified laser be
T,(r.t) the temperature distribution generated fro
the absorbed pump radiation
U=Kk(C,) the thermal diffusivity of the material
| the mass density of the material,
C, is the specific heat of the material at const
pressure
h and is the heat transfer coefficient
Q is thermal factor
INTRODUCTION
ome new approaches and technical implementations have been prémosed
di ode pumped solid state | asers
Sproblem has remained the same. Typical routes of thermal effentsol in
DPSSL6s can be diVl]l:ded into three
1- Improvement in gain media technology,
2- New designs of pumping schemes and resonators,
3 Improvement in cooling techniques.

The analytical expressions obtained for the temperature distribution opesmyhe a

better physical understanding of thermal phenomena and represent a fast tool for solid
state laser design and optimization [2]. Optimization is associated with almost every
problem of engineering. The underlying principle in optimization is téorea
constraints that must be satisfied while exploring as many options as possible within
tradeoff space. There exists numerous optimization techniquesndpioed or nature
inspired optimization techniques are class of random search techniquesesiatabl
linear and nonlinear process. Hence, nature based computing or nature computing is an
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attractive area of research. Like nature inspired computing, their applications areas are
also numerous. To list a few, the nature computing applications inclucheizgtion,

data analysis, data mining, computer graphics and vision, prediction and diagnosis,
design, intelligent control, and traffic and transportation systems. Most of the real life
problem occurring in the field of science and engineering may beletbds nonlinear
optimization problems, which may be unimodal or multimodal. Multimodal problems
are generally considered more difficult to solve because of the presence of several local
and global optima. Bacterial Foraging Optimization proposed in 20 M. Passino

is based on the foraging behavior of Escherichia Coli (E. coli) bacteria present in the
human intestine [3]There are many species of bacteria that evidently perform some
type of optimization during their motile behavior. Some optimizer thesition based

on other chemicals, and others based onatmmcial stimuli (e.g. light, magnetism,

or heat). Each of these holds the potential for the creation of a piieids
optimizationmethod 4.

TEMPERATURE DISTRIBUTION
The achievement of gh power laser systems with high beam quality is largely
compromised by thermal effects in the gain medium, which are responsible for thermal

lensing, depolarization losses, and ultimately fractGfellhe equations governing the
temperature distributioare given by:
1) The heat diffusion equations in cylindrical coordinates
i- Originating from the pump beam
i- Originating from the pump beam
A ypirt) 1 Tu(rt)

Ll 1 i 1 plrt) -
gr? +; ar +.'«:Q-1JI"TJU Tz 8 e ( 1 )

ii- Originating from the laser radiation

82T (r,z,t) . 1T;(r,z 1) . 8T (r,z,t) . 1
= - = =izt EE—
dr- ¥ ooadr dz- & Ql e at

e
[ R¥]
L

2) The bomdary condition describing the cooling at the outer radius of
The rod.

Wwith T.ir,z,t) = T (r,z,t) + T,(r 1)
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where ., (r.t) is the rate of energy generated from the absorbed part of the pump

beam per unit volume@; (r, z, t)is the rate of energy generatedrfr the absorbed
part of the amplified laser radiation per unit volurkeés the thermal conductivity of
the material,T; (. z.t)is the temperature distribution generated from the absorbed
part of the amplified laser bearT, (v.t) is the temperater distribution generated
from the absorbed pump radiatiod,= ki/(} €,) is the thermal diffusivity of the
material;} is the mass density of the materC’, is the specific heat of the material at
constant pressure ahds the heat transfer coefficient [6].

For the quasi threlevel system such as Yb: YAG, the temperature increase
should be small enough because it can strongly populate the lower working level of Yb
ion. Therefore, in such media the temperature rise must be controlled carefully. If the
temperature increase does ngindicantly disturb the population of the lower working
level of active media as is the caséh Nd: YAG, the other effects can limit the
performance of the laser. The most significant of these effects is a thermally induced
change of the optical path thfence (OPD). It is commonly assumed that the optical
path difference is essentially proportional to the temperaturéiTsed can be found
using formula [7].
orD = J an AT dz (4)

ar = oo i

Thermal effects play a major role in selthte lasers, where they cause lensing
and polarization coupling through buitt stress and strain fields. The modeling of the
thermal problem has been an important issue as from the first days of laser science and
technology [8]. Numerical modeling remains however a rather long exercise and
suffers the usual limitation that there is no insurance of the correctness of the solution.
This is why an analytical treatment of the thermal problem remains of interest. A
further interest stems from the fact that a number of laser geometries, sudallgs ax
pumped systems, exhibit a circularly cylindrical symmetry, thus lending them to an
easier analytical analysis. Moreover, a number of structures not showing circular
symmetry but pumped axially or radially can be treated on the basis of the assumption
of circularly cylindrical symmetry with a reasonably good approximation [2].

3. Source density heat
Two types of possible pumping method can be tested; Gaussian and Top hat beam
distribution, they will cause heat generation through the laser medium alassian
beam distribution, the heat generation through the laser meQ(r, z) in W/im™ )
can be written as:
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—21‘:) P
= |expi{—uz
w2 Pi—Hz)

20 exp [

(r,z) = - — (5)
Qr.z) Tws [1 —expl—ul)] -2

Where Q=3P is thermal factor,P absorption power(W)w_waist radius (m),
[ absorption coefficient (3.50 ), is length of laser rod (m). For uniform power
distribution through the beam (Top hat), the heat generation through the laser medium
can be written as: 0 ) .
P pexp{—uz) ~ .

Qir,z) = ey p—— r=a ..(6)
where heat generation is zero elsewhere (i.e. the heat generatishegawhen the
radius is greater than the pumping beam raaiuf9].

4 Bacterial Foraging Optimization Algorithm (BFOA)

Swarm intelligence is the study of computational systems inspired by the
6collective intell i genc etbroughGhe Icdogeation ofe | nt el | i
large numbers of homogeneous agents in the environment. Examples include schools
of fish, flocks of birds, and colonies of ants. Such intelligence is decentralized, self
organizing and distributed throughout an environment.TheteBial Foraging
Optimization Algorithm belongs to the field of Bacteria Optimization Algorithms and
Swarm Optimization, and more broadly to the fields of Computational Intelligence and
Metaheuristics. The Bacterial Foraging Optimization Algorithm is nespiby the
group foraging behavior of bacteria such as E.coli and M.xanthus. Specifically, the
BFOA is inspired by the chemotaxis behavior of bacteria that will perceive chemical
gradients in the environment (such as nutrients) and move toward or away from
specific signals. Bacteria perceive the direction to food based on the gradients of
chemicals in their environment. Similarly, bacteria secrete attracting and repelling
chemicals into the environment and can perceive each other in a similar way. Using
locomotion mechanisms (such as flagella) bacteria can move around in their
environment, sometimes moving chaotically (tumbling and spinning), and other times
moving in a directed manner that may be referred to as swimming. Bacterial cells are
treated like agats in an environment, using their perception of food and other cells as
motivation to move, and stochastic tumbling and swimming like movement-to re
locate. Depending on the cekll interactions, cells may swarm a food source, and/or
may aggressively pel or ignore each other.The information processing strategy of the
algorithm is to allow cells to stochastically and collectively swarm toward optima. This
is achievedthrough a series of three processes on a population of simulated cells: 1)
6 C h e mowhare thescést of cells is derated by the proximity to othercells and cells
move along the manipulated cost surface one at a time (themajority of the work of the
algorithm), 2) O6Reproductiond where only thos
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lifetime may contri bute to the nexdti spemerad tdoi owh,eran (
cells are discarded and new random samples are inserted with a low probability [10].
The Bacterial Foraging Optimization is based on foraging strate@y obli

bacteria. The foiging theory is based on the assumption that animals obtain maximum
energy nutrients OE6 in a supposed to be a s m:
Optimization consists of three principal mechanisms; namely chemotaxis, reproduction
and eliminatiordispersal. The brief descriptions of these steps involved in Bacterial
Foraging are presented below[10].
Chemotaxis
During chemotaxis, the bacteria climb the nutrient concentration, avoid noxious
substances, and search for a way out the of neutral mEdgprocess is achieved
through swimming and tumbling. The bacteria usually take a tumble followed by a
tumble, tumble followed by a run, or swim. This movement of bacteria in each
chemotaxis step can be expressedas[10]: .

8+ 1,K,1) =6'(j, K, 1) + c:ﬁjy},f,"—j"_,\
JASE) AL

Where 8°(j,K,1) representsposition vector ofi-th bacterium, inj-
thchemotaxis step, ik-th reproduction step and iRth elimination and dispersal
stepC(i)]Shows the step size taken in the random di
(i) depict the direction vector ttiej-thchemotaxis step. When the bacterial movement
i s run o)is taken amsamepthat was available in the last chemotaxis step;
ot her wissaeandomp(ector whose elements lie-in {).
Reproduction
Using Eq. (8), the health/fitngs;)fithe bacteria is calculated.
NET
J'r.’:':Em':'.’: = Z .l'r::.:.-'_lil.-' ':'-J '1:' :8:'

_Il': 1

A7)

Where, Nc is the maximum step in a chemotaxis step. During reproduction, all
bacteria are sorted in reverse order according to fitness values. The least healthy
bacteria die and the rest healthiest bacteria each gmiitstwo bacteria, which are
placed in the same location in the search space. This makes the population of bacteria
remains constant .The reproduction process of bacterial foraging aims to speed up the
convergence suitable in static problems, but not iradya environmenfl0].

The elimination and dispersal events assist chemotaxis progress by placing the
bacteria to the nearest required values. In BFO, the dispersion event happens after a
certain number of reproduction processes. Each bacterium accodirg fiked
probability dispersed from their original position and move to best position within the
search space. These events may prevent the local optima trapping but lead to disturb
the optimization process. Elimination and dispersal helps to avoid pramat
convergencer, being trapped in local optima [3].
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SOCIAL COMMUNICATION
In nature there is the social communication between Bacterium such that they are
neither close together nor far away from each other. This is done by releasing the
chemical by théBacteria. The chemical signal can be either attractant or Repellent. If
the chemical signal released by the particular Bacteria is attractant in nature, then nit
attracts other Bacteria to come to its position. On the contrary if the chemical signal
releeed by the particular Bacteria is Repell en
Bacteria to come to its position. The social communication between Bacterium can be
simulated using the modified objective function to be computed foli,,position
corresponding to thirhpgsition Bzacteria as giyen beldO].

Jomoa(XF) = J(X*) + Jeoeia (X7) (9
Where /,...zis the modified Objective function computed for ti.,position X*
corresponding to thithacteria‘;'[_-ﬁf:}ls the actual objdive function value computed
for the i.,position X" corresponding to th ir,,:Bacteria‘;’m,;;-,:l-[_X:}is the attractant

cum repellent signal computed for tl i.,position X corresponding to the i.;
Bacteria as displayed below.

Letd;=| [X'—X/||?
Jsocial [X::l =M :Z g Rey — Z E‘_AE.:-:.:I ::l':l:l
Jj=1 =1

Note that if the first term is reduced if distance betwee i.,position and
others are made large and hence it acts as the repellent signal. Similarly the second
term L2, e 7% is reduced if the distance toeen the i.,position and others are
made s mall and hence it acts as the attractant

is the attractant factor [11].

HEURISTICS

1. The algorithm was designed for amaliion to continuous functionptimizaton
problem domains.

2. Given the loops in the algorithm, it can be configured numerous ways to elicit
different search behavior. It is common to have a large number of chemotaxis
iterations, and small numbers of the other iterations.

3. The default coefficiets for swarming behavior (cetell interactions) are as
follows d s rpger = 0.1, Warrpaer= 0.2, B =drrpges, ANdw = 10.

repellent repellent —

4. The step size is commonly a small fraction of the search space, such as 0.1.
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5. During reproductin, typically half the population with a loWwealth metricare
discarded, and two copies of each member from the first-{iégith) half of the
population are retained.

6. The probability of elimination and dispersF,;) is commonly set quite lge, such

as 0.25. [12].

OUTPUT POWER

As high output power is required, just for instance for laser machining processes,
and the output power of the laser oscillator is not great enough the radiation will be
guided through an amplifier that has to be pudhgée radiation to be amplified and
the pump radiation both heat the amplifier and this may lead to phase change, thermal
stresses leading to cracks and variation of the refractive index and under circumstances
to vary the plane form of the input and autgurfaces of the amplifier. These effects
may lead to damage the amplifier or varying the front surface of the radiation leading
to inaccurate laser machining. To avoid these changes-styahe of the spatial and
temporal temperature distribution hadbtcarried out in linear and nonlinear medium.
The results of this study will be later applied in equations concerning the thermal
stresses, the results of which will be necessary to determine the variation of the
refractive index. With the aid of Maxwetdiquations the wave propagation in such an
optically deformed amplifier will be determined. From the obtained results it will be
hoped to find a way to correct the front surface of the wave and so to increases the
accuracy of laser machinindgJ]. The volunetric heating of the laser material by the
absorbed pump radiation and surface cooling required for heat reduction leads to a
nonuniform temperature distribution in the material. This results in a distortion of the
laser beam due to a temperatuend stessdependent variation of the index of
refraction. Thermal stress induced birefringence and thermal lensing effects caused in
rod-shaped materials have been a big issue for realizing high performancstaiaid
lasers [14]. The starting point for analyzy the thermal aspects of laser tissue
interactions is to define and understand the system of interest. In the most general
sense, a system is identified as that portion of the universe that is involved directly in a
particular process. The remainder ok tuniverse is called the environment. The
system interacts with the environment across its boundary. These interactions are
directly responsible for changes that occur to the state of the system. The boundary
surface provides a locus at which interactioas be identified and accounted for so as
to predict resulting changes that will occur to the system. The temporal boundary
condition is generally defined in terms of a known temperature distribution within the
system at a specific time, usually at thgjibaing of a process of interest. However,
definition of the spatial boundary conditions is not so straight forward. There are three
primary classes of spatial boundary conditions that are encountered most frequently.
The thermal interaction with the eneirment at the physical boundary of the system
may be described in terms of a defined temperature, heat flux, or convective process.
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The simplest specification for each of these conditions is that it remains constant over
time, which leads to the most simpmathematical expression for the boundary
condition. However, if the actual process of interest precludes using a constant
boundary condition, as may be encountered in biological applications, then a more
complex specification is required that may regaineumerical solution [15]The laser
output powelP, . is related to the photon numkerby the simple relation:

Pwr=f—2[hv]3=fﬁhwcp é(11)
i To &LE

In fact, (hv) @/1_cis the totalEM energy lost in the cavity per unitrte, and solely

a fractiony2/2y of this power is available due to transmission through the output

mirror. The corresponding output laser power can be then calculated from the
following equation:

Pourzﬂs (P*pT Pth) é ( 2)

where
N =NpNMg M

Equation above shows that, within the approximation made, a linear relation is
obtained between the output power and the pump power. One can then definpehe slo
efficiency of the laser &, = dP,,./dF,. According to {2), 11, is given by the product
of four contributions, the pump efficiena,, the output coupling efficiencrn, =
¥2/2y, the laser quantum efficiena, = (hv)/( hv,,,) and the transverse efficiency

1. = Ab/A, where Ab = V4 is the transverse mode area in the active medium and A
the transverse pumping area. The slope efficiency ofea lagy typically vary from
less than 1% in lovefficiency lasers (such as in the HeNe laser) 5206 or even
higher in highefficiencylasers [$.

THRESHOLD PUMP POWER
Once the threshold value of the pump rate is calculated, we can readily obtain the
corresponding threshold pump power. we get in fact the following expressions:

_Ir ko, .‘le'h'r':+1.-'>'"::| -
Pen = (g)(—f) o] ¢(13)

which hold for longitudinal pumping. Note that, again for longitudinal pumping, the
threshold pump power increases w, is increased because, w, increases, the
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wings of the mode extend further into the less strongly pumped regions attthe
medium[6].

COMPUTER SIMULATION AND RESULTS

The simulation has been used to obtained temperature distribution, disgfdicem
across continuous pumped YB\G laser rod, its rod was end pumpeslith 940 nm
and it has been testedth pump power ranging from 1Kw to 2Kier radius pumping
ratio of 1/2, 1/3, and 1/4, for both Top hat and Gaussian beam pumping . A Gaussian
beam dameter of 30um has beerchosen. The pumping power at 1kamd radius
pumping ratio of 1/2 is shown in fige (1). It shows that Gaussian beam pumping with
respect time. Where the pulse width of pumping equal to 1msec. The absorption power
from the crystal is calculated fno therelatiorP,;, = 0.2 F, and the absormn

pump
power is described ifigure (2):

1000

900 ,\

800

700

600 I \
[\
400 I \
300 I \
200 / \
v ] \

0

pump power(w)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time(s) X 10-3

Figure (1) the output pump power from laser diode
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x 10°
Figure (2) the absorption pump power

Before presenting the results of bacterial swartalligence simulation, we discuss
a simpler steadgtate temperature distribution in symmetrical cylindrical rod with
radially symmetric heating distributions. In this case Ejcéan be written af6]:

%[k%(r%)]—kkl—f—l—@(r,zj:ﬂ é(14)
Where T is the teperature distributiom®C, Q(r,z) is the heat source density that

is function of the pump power density, r and z are the radial and longitudinal

coordinates, k is the thermal conductiviti/ Yb:YAG laser rod. Therb:YAG rod has

a radiusof 4mm and a length L of 39 um. The heat transfer coefficients

(h,, =067W. em 2. K™! and h, = 0.005W.cm™2.K™) for the surfaces in

contact with water and air, respectively. The total pump posfeBOW hasan

absorption coeftiient of 3.5cm™*. The thermal conductivitpf Yb:YAG is 13.0W.

m~*, K™'. For Gaussian heat source the relation between thermal distribution and

radius of laser rod is shown in figui®. For Top hatheat source the relatioretween

thermal distribution and radius of laser rod is shown in figuré&{gure (5) represents

the time dependence of the temperature induced by the pump beam calculated at any z

value.Thetemperature increases as the irradiation time of the pump Ibespases. It

reaches its maximum value at tm$ec which is greater than the time at which the

intensity of the pump beam is maximum. Fig(®g represent théme dependence of
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the temperature induced by the pump beam calculated at any r Valeehermal
distribution through the length of laser rod for Gaussian and top hat heat source at
steady state case are shown in figure(7) and fi(8)reespectively.

180

160

140

120

100

/
2
80 /
® / \
20 4 N
0 S—
-0.01 -0.005 0 0.005 0.01
r (mm)
Figure (3) the relation betweenrand T.
170.1
170.05
169.95 // A
169.9
o) /
[
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169.75 \
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169.65
-3 -2 -1 0 1 2 3

z (m)

Figure (4) the relation between zand T.
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Figure (5) the time dependence of the temperature per unit volume induced by
the pump beam calculated at any z value.
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Figure (6) the time dependence of the temperature per unit volume
induced by the pump beam calculated at any r value.
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Figure (7) Thermal distribution through the length of the

rod (z=250gem) at Gaussian heat source.
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Figure (8) Thermal distribution through the length of the rod
(z=250m) at Top hat heat source.

Using Bacterial Foraging Optimization Algthim that allows simulating different

cases of the laser rod heating by the continuous pumping with different space
distributions of the pump power was developed. We use the algorithm to try to find the
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minimum of the function irFigures (5 and 6) respectely. We assume that this surface

can be sampled, but that the gradient is not known. The bacteria are initially spread
randomly over the optimization domain. The results of the simulation are illustrated by
motion trajectories of the bacteria on the confolot of function in Figure (5 and 6)

as shown in Figus(9 and 10) in the first generation, starting from their random initial
positions, searching is occurring in many parts of the optimization domain, and we can
see the chemotactic motions of the teaa as the black trajectories where the peaks
are avoided and the valleys are pursued. Reproduction picks the 25 healthiest bacteria
and copies them, antthen, as shown ifrigures(9 and 10) in generation 2, all the
chemotactic steps are in five local mira. This again happens in going to generations

3 and 4, but bacteria die in some of the local minima, so that in generation 3, there are
four groups of bacteria in four local minima, whereas in generation 4, there are two
groups in two local minima. Nextyith the above choice of parameters, there is an
eliminationdispersal event, and we get the next four generations shokigures(10

and 11). Notice that elimination and dispersal shifts the locations of several of the
bacteria and thereby the algornithexplores other regions of the optimization domain.
However, qualitatively we find a similar pattern to the previous four generations where
chemotaxis and reproduction work together to find the global minimum; this time,
however, due to the large number loacteria that were placed near the global
minimum, after one reproduction step, all the bacteria are close to it (and remain this
way). In this way, the bacterial population has found the global minimum. The final
bacterial movement to explore the globg@hima is described in figusg12, a, b and

c). The output power with change in incident pump power is given in f{d3)e The
output lasethad a threshold of 18W. The maximum power output fromYih&'AG

laser was 22.5W for 80W of incident pump powe€his gives an approximate slope
efficiency of 52%.
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Bacteria trajectories, Generation=2

Bacteria trajectories, Generation=1
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Figure (9) the motion trajectories of the bacteria on the contour
plot of function in Figure (5).
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Figure (10) the motion trajectories of the bacteria on the contour plot
of function in figure (6).
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Figure (10) the algorithm explores other regions of the optimization domia for
function in figure (5).
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