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Introduction

This book is build out of advanced research lectures given to graduate students in physics, metallurgy, production, industrial and material science and engineering departments in Baghdad, Alnahrain and technical universities and colleges. Some of the examples were research projects under my supervision in other Iraqi universities. To complete the scope of the book, the lectures and projects are enhanced with several examples in various parts in science and engineering.  This book can be a good annual course to introduce graduate students to perform complex computing projects to strengthen their experimental or theoretical works.

A classification which is very close to Physics abstracts classification [1] is used to distribute materials in this book as follows:

Chapter one: General physics, mathematics and software engineering

Chapter two: Nuclear science and engineering

Chapter three: Atomic and molecular science

Chapter four: Classical areas of science

Chapter five: Plasma and electrical discharges

Chapter six: Solid state, electronic structure

Chapter seven: Solid state, electronic and mechanical properties

Chapter eight: Material science and engineering

As one can see, this classification is dependent on length by starting from the smallest known particles and ending at the biggest systems. This classification is proved to include most computer active areas of application in science and engineering. 


This book can be divided into two parts:


Part a: pure science part which starts from mathematics, computers and quantum mechanics to obtain the microscopic view to particles and their fields. This part includes chapters 1, 2, 3, 6 and 7.


Part b: applied science and engineering part that starts from classical mechanics and phenomena to obtain the macroscopic behavior of materials. This part includes chapters 1, 4, 5, and 8.

Although there is no sharp edge between these two parts, these two parts meet in certain points to show how much is the used theories can be acceptable or the approximations that are used is valid spatially in the pure science part . We hope this book is interesting to read for both scientists spatially physics, chemistry and mathematics and engineers spatially mechanical and material engineers. A supporting web sit for this text is located at www.mudarahmed.com . For any errors suggestions or discussions please contact me at the e-mail abdulsattar@mudarahmed.com .

Finally I want to express my thanks to my colleagues and higher research students for supplying remarks and materials for this book.
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[1]- Physics abstracts, vol. 90, no. 1317, (1987). 

Chapter one

General physics, mathematics and software engineering

1.1 Introduction to computers, FORTRAN and software engineering

Physics and engineering are considered advanced areas of knowledge with respect to other sciences. This is because of its strong dependence on mathematics and computers. Computer advances were essentially duo to the strong need in physics spatially in complex mathematical algorithms that need billions of operations or more to be executed. Some of the obvious benefits of using computers are listed below
a- Accuracy

b- Speed

c- Huge capacity of data

d- Reduction of material and cost by simulation of practical cases

e- Multiuse and replacing many other instruments (library, TV, Radio, camera, telephone, fax, mail, copy machine, typing machine, video, sound recorder, overhead, …etc)

f- Better representation by graphics and animation.

g- Improving the environment

However computers have limits such as:
a- Computers have upper and lower bounds of numbers and precision. 

b- Computers have upper bounds of memory used

c- Computer time increases with the number of operations

d- Computer time increases with increasing accuracy

From the benefits of computers, Internet is one of the most striking applications. Internet made access to most literature of the word such as magazines, books, reports, databases…etc. This access made information at the fingertips of Internet users. Many other indirect applications of computers related to physics or engineering such as image processing or computer based instrumentation also exist. 

FORTRAN language is one of the first programming languages, which were used in physics, and engineering. From its name, which is an abbreviation of the two words ‘formula translation’; we can understand its major direction and benefits. FORTRAN IV was the first well-known version of the language; FORTRAN 77 was the first structured version. FORTRAN 90 and visual FORTRAN are the last updated versions of the language, which bears all recent advances in programming languages. FORTRAN deals with integers, real, complex, logical, double precision, arrays and dimension statement, arithmetic operators, and functions in a way that reflects the version of the language. Some of arithmetic functions that are used in FORTRAN are [1]:

ABS                Returns the absolute value of its argument

IFIX                Converts a single-precision real argument to an integer

FLOAT           Converts an integer to real

SQRT              Returns the square root of its argument

EXP                 Returns powers of e

ALOG             Returns the natural (base e) logarithm of its argument.

ALOG10         Returns the common (base 10) logarithm of its argument

SIN                  Sine (radians)

COS                 Cosine (radians)

TAN                 Tangent (radians)

Some of the above functions accept double precision numbers (14 digits) or complex number arguments by adding letters D or C in front of the function such as DSQRT, CSQRT.

Some of FORTRAN control statements are:

GOTO               Transfers control to a specified label in a sequence of labels

IF                       selects one of its blocks for execution

DO                    Repeatedly executes the following statements

CONTINUE     used as a terminal statement in a DO loop.

PAUSE             Temporarily suspends program execution

STOP                Terminates program execution.

CALL                Invokes a subroutine

RETURN          Returns control to the calling program unit.

And finally some of the data transmission statements are:

READ               Transfers data from the specified file.

WRITE              Transfers data from a list to an external or internal file

FORMAT         The Format in which data is written or read from a file  

DATA               Assigns initial values to variables.

COMMON       Creates a global data storage that program units can share.

FUNCTION     Identifies a program unit as a function 

SUBROUTINE Identifies a program unit as a subroutine


A large number of text books on the language and its various extensions can be recommended to be read [1, 2] in order to be able to understand the various programs written in the present book.    

    Software engineering can be defined as: the establishment and use of sound engineering principles in order to obtain economical software that is reliable and works efficiently on real machines. Software engineering often takes the following steps:

a- System analysis

System analysis deals with establishing requirement for all system elements. 

b- Requirements analysis

The software engineer must understand the information domain for the software as well as the required function, performance, and interfacing. Requirements for both the system and the software are documented and reviewed with the customer.

c- Design

Software design is actually a multi-step process that focuses on four distinct attributes of the program: data structure software architecture, procedural design, and interface characterization.

d- Coding

The design must be translated into a machine-readable form. The coding step performs this task.

e- Testing

The testing process focuses on the logical internals of the software ensuring that all statements have been tested and on the functional externals to uncover errors and ensure that defined input will produce actual results.

f- Maintenance

Software must be adapted to accommodate changes in its external environment (new operating system, new peripheral device, etc)

Many of the written programs are unable to be used by others, and some other programs perform mistakes in applying them to some inputs that were not tested on the program. These and other mistakes can be dealt with and deleted systematically using software engineering principles. Software engineering also deals with the method or the strategy that is undertaken to write a program.

Although most large programs are always maintained and corrected, mistakes and better algorithms are always found.    

Software programming also refers to methods and theories of programming such as [3]:

a- Structural programming: it is based upon the use of three forms sequential, multiple alternative and repetition structures.

b- Object-oriented programming: it creates a model of the real world. it results in a design that interconnects data objects and processing operations in a way that modularizes information and processing rather than processing alone. Its ability to build upon three important software design concepts: abstraction, information hiding, and modularity.

c- Real time programming: real-time software is highly coupled to the external world. It must respond to the real world in a time frame dictated by the problem domain such as sensors or RADAR systems. Real time programs communicate via ADC (analogue to digital convector) or DAC (digital to analogue converter).

d- Visual programming: using pictures, images, icons, shortcuts…etc to speed and easy the reach and use of programs, applications, commands…etc.


In the previous and most of the rest of the book computers are used to process and analyze information. Computers are not only used for calculations or information retrieval, but it is also used to collect information and data from experimental settlements. The essential part of data acquisition system is the instrument transducer which gives an electrical signal that indicates the value of the measured physical quantity. The electrical signal might be analog voltage or digital pulses representing the measured quantity. An example of such transducer is the thermocouple which gives a voltage representation of temperature. Potentiometer can be used to convert these voltage data and record them on a chart. However computers are used now in a more complicated way. Analog signals are converted to digital signals (ADC) which are stored in a suitable way on a computer. These data are now available for further processing in the same computer. 

In some cases an action is required after computer processing of data. An example is the nuclear power planet. After temperature of the planet core is analyzed, these temperatures should not exceed or be lower than a certain range of temperatures. If this range temperature is exceeded the computer returns digital signals to control safety rods that decreases or increases the nuclear reaction. The digital signals are converted to analog signals (DAC) that controls the amount at which these safety rods are moved [4]. 

References

[1] FORTRAN power station, Microsoft co. , (1995).

[2]-
Schmid E, Spitz G and Losch W 1989 Theoretical Physics on the Personal Computer (Springer-Verlag Publishing Company)

[3] Software engineering – a practitioners approach, third edition, McGraw Hill, (1992).
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1.2 Numerical integration

Mathematical applications of computers are considered the base line for other applications such as physics or engineering. Numerical methods are the most time consuming methods on computers. Analytical solutions should be addressed first if they exist since they give exact results with negligible computing time. The numerical methods examples that will be examined in this section will be used through out the book in solving physics and engineering problems.

Many numerical integration methods with varying degrees of sophistication and computer time required are present. The selection of the method of integration depends on the integrated function. The simplest integration methods are trapezoidal and Simpson rules. 

The trapezoidal rule depends on the following equations [2]:
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Were Fi is the area of one strip of the integration meshes, h is the width of each strip, a and b are integration limits and IT is the final integration total value. The accuracy of the integration depends on the number of meshes. Increasing the number of meshes will increase the accuracy until we reach a certain value after which rounding errors increases and the accuracy begins to decrease. Another method of integration is the Simpson rule. Instead of joining each pair of points by a straight line, one can use a parabolic arc through each three points. The final formula of this method is given by [1]:
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In Simpson rule one always has an even number of intervals or an odd number of points. Table (1.2.1) shows the above two methods in FORTRAN.

	Table (1.2.1) integration by trapezoidal and Simpson’s rules. A and B are integration limits.  

	      H=(B-A)/(N-1)

      IT=H/2.D0*(F(A)+F(B))

      DO 10 I=2,N-1

       IT=IT+H*F(A+(I-1)*H)

10    CONTINUE

      IS=H/3.D0*(F(A)+F(B))

      DO 20 I=2,N-1,2

       IS=IS+4.D0/3.D0*H*F(A+(I-1)*H)

20    CONTINUE

      DO 30 I=3,N-2,2

       IS=IS+2.D0/3.D0*H*F(A+(I-1)*H)

30    CONTINUE
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1.3 Numerical solution of Ordinary differential equations


Ordinary differential equations are the most commonly encountered tasks in science and engineering. Some of these equations can be solved analytically and most of them can not. Relaying on numerical solutions is the unique option in the second case. Euler, Runge-Kutta, Numerov or other methods vary in their sophistication or accuracy in solving these equations.


A first-order differential equation with a known initial condition can be written as:
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With y(x0) =y0 as an initial condition.


The easiest way to calculate a value for y(x+h), given a value for y(x), is to use Euler’s method:
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 This method can have large errors unless a suitable value of h is used. This method is clearly very close to trapezoidal rule solution of integration. A more sophisticated method is to use the average value of the function f(x,y) and f(y+h(f(y,x),x+h) which is called the improved Euler method. The equations of the improved Euler method is given by [2]
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The Runge-Kutta method has four gradients [2], which can be denoted by k(1), k(2), k(3) and k(4). These gradients are given by:
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  We shall see some applications of this method in chapter two and other chapters. For second order differential equations the differential process is repeated twice to obtain coupled first order differential equations. So that for the equation:
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we have 


[image: image9.wmf]dx

)

x

(

dy

)

x

(

y

),

x

(

y

)

x

(

y

2

1

=

=

,                                         (1.3.6)

for the first derivative, and
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for the second derivative.
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1.4 Partial differential equations and finite difference method


Partial differential equations are encountered in many branches of science and engineering in which more than one dimension exist in the differential equations. Heat transfer, diffusion, mechanical, electrical, magnetic and even Schrödinger equation are examples of partial differential equations. These equations transform to ordinary differential equations when they become one dimensional only.


Numerical solutions of partial differential equations are an important class of solutions since many of the above equations can not be solved analytically. Many such numerical methods were invented such as finite difference method (FDM), finite element method (FEM), boundary value method…etc. The simplest of these methods is FDM. The widest in use and more sophisticated is the FEM. Scientists prefer FDM since basic scientific experiments does not contain difficult geometries which is not the case for engineers. Engineers prefer FEM since geometry is usually an important issue in engineering practice.


Finite difference method relays on using difference approximations to be substituted in the partial differential equations. For example, first derivative of a function f(x) can be approximated by:
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While second derivative is given by
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Conduction heat transfer equation in Cartesian coordinate is given by
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Where T is the temperature,

            t is the time,

  x, y, z is the rectangular coordinates,

            λ is the thermal conductivity coefficient,

            ρ is the density

           c is the specific heat,

 and  Q is the latent heat of phase transformation.

Substituting equation (12) for the second derivative in equation (13) we have the following finite difference equation
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As shown in the above equation the region of interest for the above equation is divided to meshes of widths ∆x, ∆y and ∆z in the three dimensional space as shown in table (1.4.1).


Heat can be also transferred by convection or radiation that occurs generally at the boundary of the simulated piece. These methods can be used to fix the boundary problem and can be described by the following equations:
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for convection heat transfer and
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for radiation heat transfer where:
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Q

 is the amount of energy transferred per unit time

h is the convection heat transfer coefficient

A is the surface area

Tw is the surface temperature 

T∞ is the temperature of the fluid

Fε is the emissivity function

FG is the geometric function

σ is the Stefan-Boltzmann constant

T1 is the temperature of the radiating body

T2 is the temperature of the irradiating body

Diffusion equation is also written in the form:
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Where D is the diffusion constant and D0 and Q are constants, Qc is the change in concentration due to phase transformation. This equation has the same form of heat transfer equation and can be solved in the same way of the above derivation of FDM for heat transfer equation.

Table (1.4.1) mesh numbering in FDM in the xy plan.

	(i-1, j-1)

(x-∆x, y-∆y)
	(i, j-1)

(x, y-∆y)
	(i+1, j-1)

(x+∆x, y-∆y)

	(i-1, j)

(x-∆x, y)
	(i, j)

(x, y)
	(i+1, j)

(x+∆x, y)

	(i-1, j+1)

(x-∆x, y+∆y)
	(i, j+1)

(x, y+∆y)
	(i+1, j+1)

(x+∆x, y+∆y)


A flow chart that shows the programming of the above equations is given below in figure (1.4.1).


Figure 1.4.1: a flowchart of

 the heat transfer program

(non-steady state)










                              no


                                              yes


                           no



                                             yes

In table (1.4.1) we also show a program piece that programs the above equations.

	Table (1.4.1) programming 3-dimensional finite difference equations.

	      DO 1 IT=1,NT


TOTALT=IT*DT


DO 2 IX=2,IXMESH-1


DO 2 IY=2,IYMESH-1


DO 2 IZ=2,IZMESH-1


TXP1=(T1(IX+1,IY,IZ)-T1(IX,IY,IZ))

     C
*EFK(AK(IX+1,IY,IZ),AK(IX,IY,IZ))/DX**2


TXM1=(T1(IX-1,IY,IZ)-T1(IX,IY,IZ))

     C
*EFK(AK(IX-1,IY,IZ),AK(IX,IY,IZ))/DX**2


TYP1=(T1(IX,IY+1,IZ)-T1(IX,IY,IZ))

     C
*EFK(AK(IX,IY+1,IZ),AK(IX,IY,IZ))/DY**2


TYM1=(T1(IX,IY-1,IZ)-T1(IX,IY,IZ))

     C
*EFK(AK(IX,IY-1,IZ),AK(IX,IY,IZ))/DY**2


TZP1=(T1(IX,IY,IZ+1)-T1(IX,IY,IZ))

     C
*EFK(AK(IX,IY,IZ+1),AK(IX,IY,IZ))/DZ**2


TZM1=(T1(IX,IY,IZ-1)-T1(IX,IY,IZ))

     C
*EFK(AK(IX,IY,IZ-1),AK(IX,IY,IZ))/DZ**2


T2(IX,IY,IZ)=T1(IX,IY,IZ)+DT*(C(IX,IY,IZ)/AK(IX,IY,IZ))*(

     C
TXP1+TXM1+TYP1+TYM1+TZP1+TZM1)

C    CHEKING SOLIDIFICATION


IF(T1(IX,IY,IZ).GE.SOLIDUS.AND.T1(IX,IY,IZ).LT.LIQUIDUS.AND.

     C
C(IX,IY,IZ).EQ.CONS1)THEN


T2(IX,IY,IZ)=T1(IX,IY,IZ)+DT*(C(IX,IY,IZ)/AK(IX,IY,IZ))*(

     C
TXP1+TXM1+TYP1+TYM1+TZP1+TZM1)*(CP1/CP1ALLOY) 


ENDIF

  2
CONTINUE

          DO 5 IIX=2,IXMESH-1


DO 5 IIY=2,IYMESH-1


DO 5 IIZ=2,IZMESH-1


T1(IIX,IIY,IIZ)=T2(IIX,IIY,IIZ)

   5
CONTINUE

   1
CONTINUE
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1.5 Classical and quantum physics

Two main branches of physics exist that affect the view to concerned areas of physics. Classical mechanics on one hand deals with classical laws of conservation of energy and momentum. These mechanics are some times referred to as Newtonian mechanics since they extensively uses Newton’s laws of motion. A more general approach is to use Lagrangian or Hamiltonian mechanics. These mechanics are extensively used in the motion of rigid bodies, harmonic oscillations and astronomy by the aid of vector algebra. Lagrange’s function and equations in terms of generalized coordinates qk are given by:
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Another important function is the Hamiltonian function which is given by 
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where pk is the generalized momentum. As we can see that Hamilton’s equations are first order differential equations unlike Lagrange equations which are second order equations. In addition we shall see that Hamilton’s equations are also easier to handle in quantum and celestial mechanics.  

 On the other hand quantum mechanics starts from the solution of time dependent Schrödinger equation to describe the energy transitions. This equation is given by
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or in terms of Hamilton’s function
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This equation also takes other forms in nuclear, atomic or molecular physics to be convenient with their dimensions. This equation is extensively used in elementary particles, nuclear, atomic, molecular and solid state physics. Most of the information gained from the solution of this equation is stored in the wavefunction ψ. The value of any physical quantity is afterward obtained from the effect of the corresponding operator on the wavefunction. 

The switching between quantum and classical mechanics depends on the de Broglie wavelength of the particle in comparison with the size that it is restricted to move within. This wavelength is given by:
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This equation is originally derived as a consequence of relativistic considerations.

1.6 Relativistic effects


Relativistic effects are sometimes neglected or introduced in the various areas of physics depending on the speed of particles in comparison with the speed of light. Some areas of physics such as elementary particles which is some times referred to as high energy physics have dominant relativistic effects. This dominance also exists but relatively reduced in nuclear physics. However relativistic effects is responsible for the magic shell numbers in nuclear physics. This effect will be discussed in chapter two.

     Relativistic effects are important in atomic physics for high atomic number (Z) atoms. They have the same parallel effects in solid state and molecular physics. These effects can be neglected for atoms, molecules or solids containing atoms like carbon(Z=6) or silicon(Z=14), but their effects on electronic structure can not be neglected for atoms like germanium(Z=32), tin(Z=50) or lead(Z=82).


The incorporation of relativistic effects in classical mechanics can be done by inserting the factor k to different physical quantities such as mass, momentum, force, energy, time, length…etc. this factor is given by:
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     The incorporation of relativistic effects in quantum mechanics can be done in two different ways, the first is by the solution of Dirac relativistic equation and the second is by the use of perturbation theory. The first method is being more accurate and complicated with velocities comparable with the velocity of light. The second being easier and simpler with there results much easier to interpret.

     Three relativistic terms are added to the Schrödinger equation when considering perturbative relativistic corrections [1]

     1- Relativistic correction to the kinetic energy.

                               H1= - p4/(8 m3 c2)                                          (1.6.2)

where p and m are the momentum and mass of the particle. c the speed of light. 

       This term has a negative expectation value and its effect on s states (l=0) is more pronounced than the other values of the angular momentum l.  

      2- Spin - orbit term.

                               H2=  1/(2 r m2 c2) dVp/dr  L.S                         (1.6.3)

where Vp,  L and S are the potential, angular momentum operator and spin operator. 

       This term has the effect of splitting levels of lSYMBOL 185 \f "Symbol"0 and it has no effect on s states.

      3- Relativistic correction to the potential energy (Darwin correction).

                               H3=h2/(32 SYMBOL 112 \f "Symbol"2  m2 c2) SYMBOL 209 \f "Symbol"2Vp                           (1.6.4)

This term has a positive expectation value and it only affects s states. 

       From the presentation of the three relativistic terms above we can see that the first and third terms affects mainly the s states with different directions and does not produce any splitting. The second term is the only term which produces further splitting to the energy levels. The splitting in atoms depends on the total angular momentum j and angular quantum number l which is given by 

                                            j = l SYMBOL 177 \f "Symbol" ½   for   l SYMBOL 185 \f "Symbol" 0

                                            j =  ½       for   l = 0

     Since splitting of the p states is due to the spin-orbit correction only, the only relativistic correction that can be measured directly in experiment is this term. The experimental spin-orbit splitting (SYMBOL 68 \f "Symbol"0) of  the p states at the top of the valance band of the diamond structure elements in the IVA column is given in table (1.4). As an example the SYMBOL 71 \f "Symbol"25 point with spin orbit interaction is splitted as followes   

                                            E(SYMBOL 71 \f "Symbol"8+)=E(SYMBOL 71 \f "Symbol"25)+SYMBOL 108 \f "Symbol"
                                            E(SYMBOL 71 \f "Symbol"7+)=E(SYMBOL 71 \f "Symbol"25)-2SYMBOL 108 \f "Symbol"
where SYMBOL 108 \f "Symbol" is given by

                                               SYMBOL 108 \f "Symbol"=SYMBOL 68 \f "Symbol"0/3

The relative movement of the s and p states is affected by the various other non-relativistic effects in addition to the relativistic corrections. This makes the experimental estimation of the effects of the other two relativistic terms (the relativistic correction to the kinetic and potential energy) difficult. However, the inclusion of the first and third term in any calculations is easier than the inclusion of spin-orbit term. This is because the number of the states will be increased when spin-orbit term is added to the Hamiltonian. This will be faced by memory and speed limitations in computers so that many workers prefer to include the relativistic correction to the kinetic and potential energy only and to drop the spin-orbit term from the calculations which is called scalar relativistic correction. The inclusion of spin orbit term is finally made by splitting the finally obtained states as required by spin orbit interaction or by correcting the experimental data to obtain the positions of the levels if spin-orbit term is dropped.   

     The effect of the inclusion of relativistic effects is the overall movement of the levels to deeper positions with these movements approximately of the same order with the exception of a few levels. 

     The set of Hartree-Fock equations in relativistic form is called Dirac-Fock equations. These equations should be solved when a molecule or a solid contains one of the heavy elements that have appreciable relativistic effects on their structure.  

Table (1.6.1): The experimental spin-orbit splitting (SYMBOL 68 \f "Symbol"0) of  the p states at the top of the valance band of the diamond structure in the IVA group elements .

	     Element
	         SYMBOL 68 \f "Symbol"0      

	         C
	        0.00

	         Si 
	        0.044

	        Ge
	        0.29

	        SYMBOL 97 \f "Symbol"-Sn
	        0.80
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Questions

1- Write heat transfer equation in cylindrical coordinates and transform it to finite difference equation. 

Hint: heat transfer equation in cylindrical coordinates is given by:
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2- Write heat transfer equation in spherical coordinates and transform it to finite difference equation. 

Hint: heat transfer equation in spherical coordinates is given by:
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3- A long bar of some material of length L is subjected to heat at its ends so that the first end temperature is T1 and the second end is T2. After a long time, what is the distribution of temperature in the bar? 

Answer: 
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4- A thin metal circular plate of a surface density ρs is thermally insulated from its upper and lower faces. If the plate is in a thermal equilibrium, transform heat transfer equation to finite difference equation. 

5- Transform the following equation to finite difference equation:
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Solution of heat transfer equations
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