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Preface

The goal of this thesis was to design, develop and demonstrate an improved

version of the Air Force Institute of Technology CO 2 laser amplifier model. The

new model can be used as a laboratory design aid as well as an instructional tool

in the classroom. This model provides valid data for graduate level studies in laser

desi n. ' .ce time is an important factor to practicing engineers and students alike,

the model was constructed to be easy to learn and quick in operation.

The following chapters describe existing models which were used as a basis to

build this model. The best features of these models were incorporated into the im-

proved amplifier model. This thesis describes the validation of the improved model

and includes a model user's guide as an appendix. It is assumed that the reader has

had an introductory course in laser physics and will benefit from the brief presenta-

tion of the equations which form the foundation of the model.

I would like to thank my advisors, Dr. Stone and Major Garrambone, for their

time and patience in helping me complete this project.

William Fredrick Anderson
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Abstract

In existing CO2 laser amplifier simulation model developed for use on IBM-

compatible personal computers has been improved through the redesign and addition

of supplemental procedures from several models. The models and selected proce-

dures which form the basis of the improved model are described. One procedure

calculates the pumping rates of CO and 92 through calculation of the Boltzmann

equation. Another procedure calculates the average vibrational temperatures of

CO "s vibrational modes. A third procedure replaces the Runge-Kutta integrator

used in the original model with a faster, more accurate Adams-Bashforth-NvIoulton

predictor-corrector integrator. Model .validation for special conditions along with

sample output is then presented. ,A user's guide is attached as an appendix.

The model allows students and designers to vary several input parameters to

investigate the performance of the amplifier under various conditions. Parameters

such as the cavity length, gas mix within the cavity, temperacure, and pressure can

be manipulated by the user in order to determine their effect on amplification.

Viii



A COMPUTER MODEL OF A CO 2

OSCILLATOR-AMPLIFIER SYSTEM

I. Background

1.1 Purpose

The purpose of this investigation was to produce and validate an improved

version of an existing amplifier model and make it compatible with an upgraded vel-

sion of an oscillator model currently in use at The Air Force Ihstitute of Technology

(AFIT). The following pages describe the importance of research in this area and

previous work done at the Air Force Institute of Technology.

This model was designed to be used as a laser amplifier mode l - which receives

output from an existing laser oscillator model. This model can be used independently

of an oscillator model, but was specifically developed to model the Implification

of output from a laser oscillator model developed at The Air Force Institute of

Technology. This chapter begins with a brief discussion of the significance of CO 2

(carbon dioxide) lasers and their applications. Next, models which were used as a

basis for development of this model are described. Finally, the scope of the project

is outlined.

1.2 Carbon Dioxide Laser Significance and Applications

Dr. A. L. Schawlow described lasers as, "an invention in search of an applica-

tion" (10:1). Lasers have indeed been given many applications since their invention

over thirty years ago. Laser applications today include carrying digital information

in signal communications, cutting materials and tissue in industry and medicine, and

determining the velocity of moving objects. There is a large variety of laser types.

1-1
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The gas, doped insulator, semiconductor, and dye lasers are some examples of com-

mon lasers in use today. Each laser type has its own benefits and disadvantages.

The CO 2 laser is particularly interesting because of its impressive power and

efficiency characteristics. W. J. Witteman, in his book The C0 2 Laser, states,

The large interest in CO 2 lasers can also be understood from the fact
that the efficiency of conversion of electrical energy into laser radiation
combined with the maximum available power or pulse energy is by far su-
perior to that of other laser systems CO 2 lasers have generally proven
to be very versatile, simple to operate, and relatively cheap on investment
and maintenance. (16:1)

CO 2 lasers produce a powerful, monochromatic, coherent beam of light at a

3 wavelength of 10.6 micrometers. At this wavelength, the CO 2 laser has relatively high

output power (compared to other lasers) at almost 30% efficiency (power out/power

in). Consequently, CO 2 lasers have the greatest potential for use in industry and

space, or any other environment which requires a system with a high powver to weight

ratio.

One application of the CO 2 laser is as a component of a space-based laser

radar system. Laser radar systems in a space environment must be able to project a

pulse of energy thousands of kilometers, yet be small enough to conform to bulk and

weight constraints associated with placing a payload in orbit; therefore, considerable

research is being conducted in space based laser applications. Dezenberg writes,

The evolution of high velocity resolution CO 2 laser 1adars from the labo-
ratory to airborne platforms ... to space platforms ... necessitates inves-
tigations of techniques to mainta,. high frequency stability operation of
lasers in dynamic environments. (2:2)

SDi requires a system which can track and engage multiple targets with pin-

point precision. The CO 2 laser radar system is a likely candidate for performing this

task as part of a global missile detense system.

1-2
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1.3 Previo-is Models

The model described in this thesis was developed as a cont;nuance of the work

done within the Department of Physics at the Air Force Institute of Technology. The

model makes extensive use of the results achieved by Dr. David Stone, Captain David

Honey and Captain Frank Gallagher. Stone supervised the overall effort to develop

models of a carbon dioxide laser oscillator and amplifier using the QuickBASIC

programming language.

i 1.3.1 Stone's Oscillator Model. Dr. David Stone, a professor in the Depart-

ment of Physics at the Air Force Institute of Technology, developed a computer

model of a CO 2 laser oscillator. The model was written in QuickBASIC for use on

IBM compatible personal computers. It is intended for use by graduate students as

an instructional tool; it can also be used as a design aid in the laboratory. The model

allows the designer to quickly predict laser oscillator output using any convenient

personal computer.

The purpose of an oscillator in a laser radar system is to create a stable beam

which maintains the constant wavelength (stable frequency) necessary for velocity

i determination using doppler radar principles. A wave with a stable frequency and

acceptable signal to noise ratio can only be produced by low power oscillators, but

unfortunately, a laser pulse from such an oscillator does not have enough power to

produce a significant return from a distant target. Hence, an oscillator is used to

create a very stable beam which is then amplified by a laser radar amplifier to the

required power level. The result of an oscillator-amplifier pair is a stable, powerful

beam of energy that can be used in a laser radar system (see Figure 1.1). Reilly

i writes,

I iLaser radar oscillators must be short length and/or low pressure to obtain
single longitudinal and single transverse mode (hence, single frequency)
operation. Injection initiated oscillators can be used to obtain higher

i 1-3
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Spowers, but waveform diversity and frequency are limited. Master oscil-

lator power amplifier configurations overcome these limitations ... There
are, however, other techniques to achieve high power frequency stableICO 2 laser radiation . .. the laser amplifier is at present the technique of
choice for the production of high power, high stability, CO 2 laser output.
(12:60-61)

Low Power High Power
Bea Bea

Oscillator Stable Amplifier TargetStableStable

Figure 1.1. Oscillator-Amplifier Pair

Stone constructed his oscillator model using the work done by Gilbert. Rate

equations which mathematically describe the physical processes of the laser were

solved through Runge-IKutta integration. Gilbert et al modeled the kinetics of a CO 2

laser by means of a set of nonlinear rate equations idealized to a four-energy-level

system (5:2523). Gilbert developed the model to describe "the fundamental dynam-

ics of the active medium following excitation by short current pulses... " (5:2523).

Gilbert used the energy diagram developed by Moore et al (8) (Figure 1.2) to de-

velop the laser equations for his mathematical model. As Figure 1.2 shows, the CO 2

laser is modeled as a four level system. C0 2's three molecular vibrational modes

(vl, v2, v?) are shown in the model as 100 (vl), 010 (v2), and 001 (v3). Nitro-

gen's vibrational energy (v = 1) level is very close in magnitude to the CO2 (001)

level and is used to transfer its vibrational energy to CO2 molecules. N2 is easily

excited by electron pumping and transfers its er ergy to the CO 2 (v = 3) vibrational

level. Lasing action occurs as CO2 relaxes from the (001) energy level to the (100)

1-4
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200 na n.
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100 ' 10 6 p
020 :

010 Yco

5 ..i ... .. .. .............................. 0

... .: )....................... Y.2). ............. ... ) ......... V 0

CO 2  N 2

Figure 1.2. Moore's CO 2 Laser Transition Diagram (8)

I energy level. Gilbert derived three equations which describe the time variation of

the population in each level. Each equation describes the time rate of change of the

population density of each group where group (a) represents the (001) level of C0 2,

group (b) represents the (100) level of C0 2, and group (c) represents the v = 1 level

of N2 (see Figure 1.2). Gilbert's equations are as follows (5:2525):

I

7i,, = Iorc(nb -n,) --tn + c(nc - na)+ Wa (1.1)

rb = Iorec(nu - nb) + -yafla - "tbnb + Wb (1.2)

7c = yc(na - nc) - Yconc + wc (1.3)

1-5
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Gilbert included a fourth equation which describes the reaction of the laser medium

on the photon density. The fourth equation is written as follows:I

SI = -- + lerc(na - nb) + nw, (1.4)

The terms in the equations shown above are defined in the table below (5:2524-2525).

Symbol AManing

na The population density of CO 2 molecules in the upper
laser level.

nb The population density of CO 2 molecules in the lower
laser level.

n, The population density of N2 molecules in their v = 1
excited state.

Iec Rate coefficient for stimulated emission or absorption.
7ajb, c, co° Kinetic rate constants. Ya, N, and y° relate to the colli-

sional deactivation of the initial (a) and terminal (b) laser
levels. - describes the transfer of energy from excited N2
to the (001) (v = 3) level of CO 2 and vice versa.

Wa,Wb, wc Pump terms describing the rates at which the respec-
tive laser levels are excited during the electrical discharge
pulse.

W, Spontaneous emission rate on the longitudinal mode of
the laser.Io Reciprocal of the decay time of the photon population I
in tht.cavity (1/tcav).

I Radiation density (photons/cm3 ).

Gilbert simplifies the model by assuming constant values for all terms except

for the number densities (na, rib, and n,). While this may seem unrealistic at first, the

output of his model agrees with the results for preselected experimental conditions.

Gilbert assumes reasonable values for the parameters of a specific laser hardware

configuration (N2, He, and CO 2 gas mix, cavity pressure, etc.). Gilbert's model

1-6



I
I

is valid only for preselected experimental conditions and cannot be used to model

systems with other nonconstant parameter values.

I Stone used the same rate equations shown above, but did not assume constant

values for -a, -b, "Yc, or o,,. The values for these terms are calculated by his program

depending on the pressure and gas mix ratios selected by the person using the model.

* Stone used the following rate equations in his oscillator model:

I
--= C ( nb - na) - -fan + (- co2 7c - "N2 a) + Wa (1.5)I gb

1
rib = Ioec (na - nb) + Yana - bn7b + Wb (1.6)

gb 4
i = f2 na - ^Co2 n. + W( 1.7)

I Ioc (n a- nb1 - ) + 1.8)I gb

i where

I = Photon density in the laser cavity

_YN2 = Collisional relaxation rate for N 2 based on the % CO 2 in the gas mix

^YC02 = Collisional relaxation rate for CO 2 based on the % N 2 in the gas mix

w, = Spontaneous emission rate in the cavity

g. = The degeneracy ratio of level x (16:15).

a = The unfavorable losses in the cavity due to absorption

Stone also included the ability to model both 12C and "3 C based CO 2 lasers.

By including the -y and o, terms as variables (not constants), Stone's model more

accurately serves the user by allowing him to vary the characteristics of the laser

3 hardware. Thus, the model's output is valid for modeling CO 2 lasers with variable

gas ratios, cavity pressures and temperatures.

I Stone's program asks the user for numerous input parameters such as the

temperature, gas mix (percent CO 2 , N2 , He, H20, and H), length of the cavity, and

1-7
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laser pulse length (in time) and predicts the characteristics of the output laser pulse.

The program uses the Adams-Bashforth-Moulton integration method to numerically

solve the rate equations. Stone's model uses the Boltz procedure written by Honey

to calculate the pump terms shown in the rate equations. Stone's model predicts

the general behavior of a laser oscillator with given input parameters.

Stone supervised additional work with carbon dioxide laser models as the thesis

advisor to two graduate students. Honey worked independently to improve Stone's

existing oscillator model while Gallagher developed an amplifier model which could

be used separately or in conjunction with Stone's model. The intent remained to

produce models which could be used on IBM compatible personal computers in the

classroom or laboratory. Each model was written in QuickBASIC to maintain project

* consistency.

3 1.3.2 Honey's Improved C02 Laser Oscillator Model. Honey's contribution

to Stone's work was the development of a procedure that more accurately determines

the values of the pumping terms (Wa,Wb,WC) used in equations (5), (6), and (7)

shown above. An initial version of Stone's model calculated the pump rates based

on an assumption of the pump efficiency. Honey's procedure numerically solves the

Boltzmann equation in order to compute more accurate values of the pump terms.

I The laser is pumped by the collision of electrons with N2 and CO 2. N2 is easily

excited and decays only through collisions with the cavity walls or CO 2 molecules.

I Wittemann writes,

I
It has been observed that an electric discharge in nitrogen leads to a very
effective formation of vibrationally excited N2 molecules .... Since the
N2 molecule has two identical nuclei, its dipole radiation is forbidden. It
can only decay by collisions with the wall of the containing vessel or by
collisions with other molecules. (16:64)

1-8
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3 Since the N2 v = l and CO 2 (001) energy levels hdve an energy difference of only 18

cm - ', N2 readily transfers its energy to CO 2 and relaxes down to the ground state.

CO 2 is also directly pumped by collisions with electrons. C0 2 in the ground state is

thus pumped to the (001) level both by collision with excited N2 molecules in the v

S= 1 energy level and with free electrons in the applied electric field.

N2 and CO 2 cannot be pumped to the desired energy levels by collision with

any electron; they must collide with an electron that has an energy level (velocity)

equal to or greater than the N2 V = 1 or CO 2 (001) energy level. This minimum

energy can be found using the following equation for energy:

E = hv (1.9)

where

E = The energy of the vibrational level (joules)

h = Planck's constant (6.6260755 x 10- 31 joules • seconds)

v The characteristic frequency of the energy level (seconds - 1 )

For the N2 v = 1 energy level, E is approximately 4.7602 x 10-20 joules. The velocity

*of an electron with this energy can be derived from the equation for kinetic energy:

E 1 nv2 (1.10)
2

where

E = The energy of the electron (joules)

rm = The mass of an electron (9.1093897 x 10- 31 kg)

v = The velocity of the electron (meters per second)

Solving for velocity and substituting the energy calculated above, the critical

velocity is 3.23 x 105 meters per second. Electrons with this velocity have enough

1-9



3 energy to pump the CO 2 and N2 molecules. Also, an electron with a higher energy

level (velocity) can transfer a portion of its energy and pump CO2 and N2 . There-

3 fore, only a fraction of the electrons in the laser cavity will have velocities suitable for

pumping. Wittemann (reference (16)) provides an excellent description of electron

U pumping and its effect on the laser medium. Honey determined the velocity distri-

bution of the electrons in the applied field for a given parameter set (f, ambient

I gas temperature, etc.). He used the Boltzmann equation to "relate ... these various

factors and ... [compute] the electron number density as a function of the velocity

(or energy) (7:2)."

The Boltzmann equation considers the force of the electric field on the elec-

trons and their subsequent collisions with gas molecules within the laser cavity.

3 Honey assumes that the electron mean free path is small compared to the size of the

laser cavity, resulting in a spherically symmetric electron velocity distribution (7:2).

I Energy is transferred by electrons to CO 2 and N2 gas molecules through elastic col-

lisions, the applied electric field, and inelastic collisions. A detailed analysis of the

energy transfer through collisions and the applied electric field is given in Chapter 2

of Honey's thesis (7:3-16).

Honey's procedure inputs several parameters, calculates the electron number

3density distribution, and outputs the pump rates. A simplified flow chart of the

procedure (named "Boltz") is shown in Figure 1.3.

3 Boltz makes use of ten parameters from the main body of the oscillator code.

These ten parameters are used to calculate the electron number density distribution

3 leading to the output of the pump terms w,, wb, and w,. These parameters are listed

below (7:17-19).'I
1. kc - the number of cells or bins into which the energy axis has been divided as

I a result of finite differencing

3 2. de - width of a bin in electron volts

3 1-10



Read parameters passed from main program

Calculate the electron number density

Plot the number density

I
I

I

I ~ ~~Calculate the electrng nuer esit

CaReturn pumping terms to the main program

I

i Figure 1.3. Honey's Boltz Procedure Flow Chart

I
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3. pres - total pressure of the gas mixture in atmospheres

4. d2 - percentage of CO 2 in the gas mix

5. dl- percentage of N2 in the gas mix

6. d3 - percentage of He in the gas mix

7. T - ambient temperature of the gas mix

8. VT() - a three element vector containing the vibrational temperatures for the

(010), (100), and (001) states of CO 2

9. EN - E/N, the electric field strength (volts/centimeter) divided by the gas

number density

10. jd - currrent density in the plasma tube (amps/centimeter2 )

1.3.3 Gallagher's Amplifier Model. Gallagher modeled a CO 2 laser radar am-

plifier. The model can be used to investigate the amplification of either square input

pulses or pulses generated with a laser oscillator. Like Stone's and Honey's models,

Gallagher's model allows manipulation of several input parameters such as cavity

length and diameter, gas mixture, temperature, pressure, window reflectivity, and

pump efficiency (4:ix). Gallagher's model essentially analyzes amplifier gain as the

pulse travels down the length of the amplifier. The model also describes the effects

of amplified spontaneous emission and its effect on the output pulse.

An amplifier in an oscillator-amplifier scheme is essentially a gas filled container

in which a population inversion exists. The output pulse of the oscillator is directed

into the amplifier. Incoming photons from the oscillator strike excited atoms in

the amplifier and the result is a gain in the photon flux and degradation of the

population inversion. Longitudinally, the photon flux grows and the population

inversion is reduced as the input beam travels down the amplifier. This is called a

single pass amplifier since the beam enters one end of the amplifier and exits the

other without reflection.

1-12



IGallagher modeled the amplifier as a one dimensional system. He assumed

constant inversion and flux across the width (cross-section) of the amplifier. Gal-

Ilagher also assumed the diameter of the input beam to be equal to the diameter of

the amplifier (4:2-1). He accounted for the fact that the leading photons of the input

Ioscillator pulse will experience a greater population inversion than those at the end

of the pulse.

IGallagher divided the amplifier into a number of cells and tracked the progress

of the input beam as it moves from cell to cell. The number of cells in the amplifier is

Idetermined by the amplifier's length, the basic time unit (tcav), and the integration

Itime step (hi).

Since Gallagher's model supplements Stone's model, Gallagher, like Stone, used

Ithe average lifetime of a photon in the laser cavity as the basic time unit (tcav). The

integration process uses a time step (hl) to determine values at selected fractions

of the basic time unit. For example, if the cavity lifetime is selected as tcav = 20

nanoseconds and the integration time step hl = .1, then the integration process

is executed every 2 nanoseconds (20 x .1). Using the speed of light in the laser

medium (approximately 3 x 10' meters/second), the cell width for this time step

Iis 2 nanoseconds x (speed of light) or .6 meters. If the cavity length selected by

the operator is 1.2 meters, then the program divides the laser into 2 cells. In order

Ifor Gallagher's code to use an output pulse from Stone's oscillator code, Gallagher's

model must receive the values of tcav and hl that were used by the oscillator code

to generate the input pulse.

IGallagher's method for calculating the pumping terms was taken from an early

version of Stone's oscillator model. The method was based on an assumed pump

efficiency of the system. The operator interfacing with the model inputs the pump

efficiency for the oscillator being modeled. The user must use realistic values for

I the pump eficiency in order for the model to calculate reasonable pumping terms.

Stone's equations (used by Gallagher) for the pump terms are shown below.
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Wa = 7pmpNCo2  (1.11)
3 tpp

Wb = Wa (1.12)

WC = P7,umPNN2 t (1.13)

I where

77pump = Pump efficiency. Pump efficiency is the fraction of N2

molecules pumped to the v =1 energy level.
Nco2  = Number density (per meter') of CO 2 molecules in the gas

mix in the laser cavity.
N = Number density (pe: meter3 ) of N2 molecules in the gas

mix in the laser cavity.
I tPP = Duration of the pump pulse (nanoseconds).

Stone assumed that CO 2 molecules are pumped at the same rate to the (001)

and (100) energy level. While these are valid assumptions for different CO 2 oscillators

with varying gas ratios, current densities, and E/N ratios, the calculated pump rates

Sare only approximations. Honey's procedure more accurately calculates the pump

rates by numerically solving the Boltzmann equation.

1 Gallagher used the Runge-Kutta integration method to calculate the number

densities of CO 2 (001), CO 2 (100), and N2 (v = 1) atoms in the laser medium. Equa-

tions (5), (6), and (7) are solved numerically to determine the population inversion

Iwithin the cavity for a given time step for a given cell. The flux, or photon density,

is calculated outside the rate equations using equation (15) shown below. The value

1 for the inversion leads to determination of the amplifier gain.

The gain coefficient (g) is the product of the population inversion and the

stimulated emission cross section (4:2-4). The population inversion is simply the

difference between the number densities of the CO 2 (001) and CO 2 (100) number

densities expressed as n, - (degeneracy ratio) •nb. Values for n, and nb are deter-

mined by the Runge-Kutta integration procedure applied to equations (5) through
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(7). The stimulated emission cross section, o-, is ca!culated by the equation shown

below (4:2-4).

F.(j=l9)(A 21)c2  (1.14)

where

I4 = The Einstein coefficient for spontaneous emission

v = The characteristic frequency of the J19 - J20 [P(20)] transition

Avp = The linewidth of the emission

(j=j9) = The fraction of molecules in the (001) vibrational level that are in
the (J = 19) rotational level

The gain coefficient (g = (z , - nb) • o,) is the key to the determination of the amplifier

system gain applied to the input pulse.

Gallagher used a single amplifier equation to model the photon density growth

from cell to cell. The equation below describes this growth from a particular time

(j) and cell (k) to the next time (j + 1) and cell (k + 1).

P+l,k+l) = P(,k)(1.1)

where

P = Number of photons per meter3

g = Gain coefficient

= Loss per unit distance due to scattering and absorption

L = Length of the amplifier cell

Gallagher also considered the effects of amplified spontaneous emission. Ampli-

fied spontaneous emission occurs when the population inversion within the amplifier
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cavity emits photons as some excited atoms spontaneously relax to lower energy lev-

els. These photons strike excited atoms in the inversion causing stimulated emission.

Since spontaneous emission can occur between a large number of rotational energy

levels, the energy loss from spontaneous emission is counterproductive to amplifier

performance. As stated earlier, precise frequencies are essential to laser radar. The

objective of an oscillator-amplifier system is to amplify precise, low power oscillator

output. Spontaneous emission at multiple frequencies degrades the performance of

the oscillator-amplifier system.

The amplifier model flow chart is shown in Figure 1.4. Since this thesis uses

Gallagher's model as its foundation, a detailed description of his model is presented

here with each portion of the flow chart (Figure 1.4) being described in the following

paragraphs.

Display menu to the user. The model asks the" .vhethor the amplifier model

will be used to amplify a pulse generpt, -. ay Stone's oscillator code or if the user

desires to amplify a square pu'se generated by the amplifier model. If the square

pulse option is chosen, the amplifier model c. ts a square (constant amplitude)

input pulse with a magnitude chosen by the user. The operator can further choose

to manipulate numerou parameters which affect the amplification of the input pulse

or allow default parameters to establish the initial conditions. The parameters the

user can alter are listed in Table 1.1.

Calculating collisional relazation rates. The rate at which molecules relax due

to collisions within the gas mix in the laser cavity is described by the , ,,

and %o terms in the rate equations (equations (1.1) - (1.3)). Gallagher used Stone's

equations for calculating these terms. The rates are dependent on the gas mix

(percent C0 2, N2, He, and H20), cavity pressure, and type of carbon isotope (13 C

or 12C).

Calculating the number density of the gas mix. The number density (N) of all

molecules in the cavity is dependent on the pressure (P) and temperature (T). The
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Display menu to the user

I Calculate collisional relaxation rates

I

Calculate the number density of the gas mix

Calculate the pump rates

SCalculate the stimulated emission cross section1,

Calculate the initial populations

Perform amplification process for each time step

F Loop until last time step

I Display amplifier output to the user

Figure 1.4. Amplifier Model Flow Chart

I
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Table 1.1. Amplifier Model Parameters

Parameter Name Description
hi Integration time step
diameter Input beam diameter
length Amplifier length
pres Pressure in atmospheres
pctCO2 PercentCO2 in the gas mixture
pctN2 Percent N 2 in the gas mixture
pctNe Percent He in the gas misture
pctH20 Percent H20 in the gas misture

temp Temperature of the gas mixture
taupump Length (nsec) of the pump pulse
delay Delay (nsec) before pump pulse begins
alpha Loss per unit length due to scattering or absorption
reflection Coupling loss term
ASEflag Operator chooses whether or not to consider ASE losses

following equation is used to calculate the number density in molecules/meter3 with

kB = Boltzmann's constant.

N 101320PN - 03 P(1.16)
TkB

Under the conditions of 1 atmosphere and 300 'K, the number density is ap-

proximately 2.45 x 1025 molecules/meter 3.

Calculating the pump rates. Gallagher used Stone's method of calculating Lhe

pump rates described by equations (11) - (13). As explained above, the rates are

good approximations.

Calculating the stimulated emission cross section. Gallagher used equation (14)

to calculate the stimulated emission cross section. F, is temperature dependent and

AVP is temperature and pressure dependent.
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I Calculating the initial population. The initial populations of the CO 2 (001),

CO 2 (100), and N2 (v = 1) energy levels are dependent on the temperature and

percent gas mix. The initial number density of CO 2 molecules in the (001) energy

level (n0 o), is expressed by the following equation:

,,%C02 ,
r No = N( 1---)e B (1.17)

I
whcre

1 N = Total number density

h = Planck's constant

v = Characteristic frequency of the (001) energy level

kB = Boltzmann's constant

T = Temperature of the gas mix (kelvin)

nbo and no are calculated in the same manner. This equation is only valid for low

I temperatures (a few hundred degrees kelvin).

Performing the amplification process. Amplifier gain is calcuated for each cell

as the input pulse travels through the length of the amplifier. A Runge-Kutta inte-

gration procedure evaluates the rate equations and returns the values of n', and nb.

The difference between n, and nb describes the inversion density. This quantity mul-

tiplied by a determines the gain coefficient. The increase in photon flux is described

by equation (15) which uses the gain coefficient and the length of the cell.

Loop until last time step. Amplifier gain and the resulting increase in photon

density are computed for each cell for the entire duration of the run.

Display amplifier output to the user. Values recocdcd dring each time step

are displayed on output screens. The user can save files of populations, gains, and

power values and return to the main menu to try another experiment.
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Gallagher's model uses many components of Stone's model to simulate the

behavior of a laser amplifier. Gallagher uses Stone's original Runge-Kutta integra-

tion procedure and method of computing the collisional relaxation rates and pump

terms. Since Gallagher worked independently of Honey, he did not include the Boltz

I procedure for calculating the pump terms.

1.4 Scope

The scope of this project is limited to improving Gallagher's amplifier model

in an effort to achieve more accurate output for a given input pulse. Improvement

is gained through incorporation of existing procedures from Stone's and Honey's

models and the inclusion of an Adains-Bashforth-Moulton integrator replacing the

3 slower, less accurate Runge-Kutta integrator used in Gallagher's model.

This- amplifier model calculates the pumping terms (wa,wb,w) using Honey's

I Boltz procedure. The model also uses Stone's method for computing the average

vibrational temperatures for the (0!0), (100), and (001) states of CO.. A major

I effort was exerted to make the code more flexible and readable by converting large

portions of main body code into procedures. The procedures are better suited for

further refinement and embellishment of the model.

Amplified spontaneous emission (ASE) is not addressed by this model. The

ASE portions of Gallagher's model, combined with the Boltz procedure and temper-

ature averaging embellishments, consume large amounts of computer memory. Since

the goal is to produce a model with reasonable run times along with accurate output,

ASE is not included in this model. The intent of this work is to produce output that

can be used to validate the embellished amplifier model. For the purpose of this

I investigation, ASE losses add too much complexity to the validation process. ASE

effects do not have a significant impact on model output (14).

I
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II. Model DevelopmentI
This chapter describes the work accomplished in order to construct the im-

proved amplifier model. Gallagher's model was used as the framework and embel-

lishments were added in the form of procedures and additions to the main body

code. Microsoft's QuickBASIC version 4.5 was used as the programming language.

2.! Gallagher's Code

Gallagher's original code (filename CO2AMP1) was modified in order to reduce

I memory requirements and make it compatible with the upgraded versions of Stone's

oscillator code. The major changes involved the development of procedures to replace

main body code and the alteration of several normalization constants.

In order to reduce memory requirements, redundant operations were elimi-

nated or placed into a procedure. Gallagher's code has over 1000 lines, but only

5 procedures. This effort broke Gallagher's code into its major components. Each

component was converted into a procedure which is called from a much smaller main

body. The new procedures now make the code shorter and more readable. This am-

plifier model consists of over 22 procedures; some of the procedures are taken directly

from Gallagher's code, while others support the embellishments discussed below.

2.2 Addition of Boltz Procedure

Honey's Boltz procedure was added to CO2AMP1 in order to calculate the

pump terms used in the rate equations. Boltz replaces the pump rate approximations

used in Gallagher's amplifier model. In order to merge Boltz with CO2AMP1, Boltz's

10 parameters (see section 1.3.2) had to be identified in the main program.

Boltz uses the ten parameters passed from the main program to compute the

three pump terms, wa,wb, and w, used by the rate equations in the amplifier model,
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CO2AMP1 defined 5 of the 10 required parameters; 5 additional param.!ters had to

be created specifically for use with the Boltz procedure. The pressure of the gas

I mixture, percentage of each gas in the mixture (C0 2, N2, He), and the ambient tem-

perature of the gases are defined in CO2MP1. The five remaining parameters were

inserted into the main program and placed in the main menu for value assignment by

the user. The 5 parameters are de, kc, VT() (an array), EN, and jd. Each parameter

is explained below.

Parameter de. de represents the energy axis of the electron energy versus ex-

citation cross section curves for CO 2 (see Figure 2.1). Figure 2.1 is a reproduction

taken from reference (16:66) which provides a detailed explanation of electron energy

and vibrational excitation cross sections. The figure shows that electrons with ener-

gies of approximately .5 eV will have the greatest chance of exciting CO 2 molecules

into the (001) energy level. The probability that electrons with very high veloci-

I ties (energies greater than 5 eV) will transfer the required energy is small. For this

model, the energy axis is initialized at 5 eV. A product of de - kc equal to 5 eV is

I suitable for calculating the pump rates using Boltz.

I Parameter kc. kc represents the number of energy bins or cells into which the

energy axis has been divided. The value of kc provides the resolution of pump rate

calculation. Boltz's internal dynamic arrays are dimensioned by kc. A higher value

of kc leads to a more precise pump rate calculation. Boltz uses arrays as matrices

to perform necessary calculations. At one point, the matrix is inverted. A value of

kc = 50 means that a 50 x 50 array is used in matrix multiplication and inverted. A

small increase in kc results in larger matrices, longer run times, and greater memory

use. If a very large kc is chosen, the model can exceed memory capabilities and the

program will fail. A value of kc = 30 provides quick and accurate results. Values

over 50 are more accurate, but the run time can last several minutes. Values over

50 do not add enough accuracy to warrant the procedure's longer run time.

VT 0 array. The VT() array is passed to Boltz from the main program. VT(1),
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VT(2), and VT(3) represent the vibrational temperatures of C0 2's modes (100),

(010), and (001), respectively. The vibration of a CO 2 molecule in each mode can

be described by its temperature (16:68). Wittemann writes, "It is also expected

that the vl and v2 vibrations are in rapid equilibrium with each other because

of the near-resonant process ... " (16:68). Since the (n00) and (0n0) vibrational

temperatures are equal, this model sets the (100) vibrational temperature equal to

the (010) vibrational temperature. The (001) level is not equal to (100) or (010) and

maintains its own value. This model initially sets the values of VT(1) - VT(3) equal

to 300. A section of Stone's oscillator code used to calculate the average vibrational

temperatures of the (100) and (001) modes is included in the amplifier model and is

discussed in the next section of this chapter.

Parameters EN and jd. EN represents the electric field strength (volts/cm)

divided by the gas number density (molecules/cm 3 ). The units of EN are volts

cm 2. Parameter jd represents the current density in the plasma tube (amps/cm 2).

The product of the two values represents the power applied to the cavity in an effort

Lo pump tie system. The energy loaded is displayed on the screen for the user in

joules/liter and is derived from the equation below.

EnergyLoading = EN jd. N-taupurnp.tcav.10- 3  (2.1)

where

EN = Electric field strength divided by the gas number density (volts cm 2 )

jd = Current density in the plasma tube (amps/cm 2 )

N = Total number density of molecules in the cavity (meters- 3 )

taupump = Pump time in cavity lifetimes

tcav = cavity lifetime (seconds)
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I 10 converts from (meters - 3 ) to (liters-'). The total power is EN jd • Ndensity

10- 3 (joules)/(liter - seconds). The total pump time is taupump, tcav (seconds).

Total power x total pump time yields total energy loading (joules/liter).

A change in the value of any of the 10 parameters used by Boltz will change the

pump rates; therefore, the parameters have been highlighted in yellow on the main

menu screen. The user can easily identify the factors affecting the pump rates and

manipulate their values. The program asks the user if he wishes to calculate new

pump rates between runs. If the user has not altered a highlighted variable, there

is no need to recalculate the pump rates and the Boltz procedure can be bypassed.

Bypassing Boltz saves considerable run time, especially if a large number of energy

bins are used or many experiments are performed in succession.

The Boltz procedure was verified in the amplifier code by comparison with

Honey's code. Identical values for the parameters used by Boltz were used in the

amplifier code and Honey's model. The pump rates produced by Boltz in Honey's

model and the amplifier model are identical for identical parameter sets. Several

verification runs were performed over a large range of parameter values. In each

case, both models produced the same pump rates.

Honey performed a thorough validation of his Boltz procedure. Since Boltz

I has been validated and returns identical values for a given parameter set in Honey's

model and this amplifier model, the Boltz procedure is assumed to produce valid

pump rates within the amplifier code. More discussion is included in the validation

chapter.

2.3 Temperature Averaging of the Vibrational Modes

I Stone's oscillator model includes a section of code that calculates the average

vibrational temperatures of the CO2 (100) and (001) modes during the pump pulse.

This procedure was included in this amplifier model in order to provide a more

accurate VT() array for use by Boltz.
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The procedure relies upon the Boltzmann relation shown below.

-= (2.2)
Nco,

i where

n = Population of the C0 2 (001) or (100) energy level

NCO,= Total population of CO 2 molecules

h = Planck's constant (J • seconds)

kB= Boltzmann's constant (J K)

v Characteristic frequency of the vibrational mode (seconds - 1 )

T = Characteristic ;,mperature of the vibrational mode

Solving for ' elds the following equation:

I -hiv
T = k~n vn(2.3)

The average temperature is calculated by summing the values of T at each time

I step, then dividing by the number of time steps. The program is executed for three

iterations of the pump pulse. A new VT() array is determined by the temperature

I averaging procedure after each iteration and is used by the Boltzmann pump rate

procedure for the next iteration; three iterations are sufficient for convergence to

accurate values of the vibrational temperatures used by the Boltz procedure.

2.4 Temperature Dependence of the Collisional Relaxation Rates

The procedure, TempDependence, was written to model the effect of temper-

ature on the collisional relaxation rates, a,,n, and 1CO. The rates are modified

in the procedure at each time step as the rate equations are solved. Physically, the

rates increase because the temperature of the gas increases during pumping. The
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I physics ;orming the foundation of the procedure are sound; unfortunately the pro-

cedure code cannot be incorporated into the model since it produces invalid results.

Further work can be done on this procedure to improve the model; the theoretical

foundation of the procedure is explained below.

Some of the energy loaded into the cavity does not pump the gas mix; the

energy merely increases the velocity of the molecules. Molecules collide with other

molecules which results in an increase in the temperature of the gas mix. Part of

the energy does succeed in pumping the CO 2 and N2, but these molecules can also

relax through collisions rather than through laser transition. Heat is released as

the excited CO 2 and N2 molecules fall to lower energy states through collisional

relaxation.

The total energy in the system can be accounted for by summing the energy

absorbed through successful pumping and the energy lost to heat as a result of

molecular collisions.

Total Energy In = Pump Energy + Heat Energy

The temperature increase in the cavity is found by solving for the heat en-

ergy. The total heat energy into the system at any given time yields an increase in

temperature expressed by the equation below.

Eheat

AT - NkV (2.4)NkBC,,

where

AT = Change in temperature

Eheat = Total heat added to the system through energy loading and collisions

N = Total number density of molecules in the cavity

kB = Boltzmann's constant
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C, = Specific heat of the gases in the cavity

The collisional relaxation rates and number density of the (100) vibrational mode (nb)

increase with increasing temperature. Since collisions are more frequent, the number

of (001) mode molecules (n,) relaxing to the (100) level increases and the inversion

is reduced. The equations describing the increase in the collisional relaxation rates

and number density of the (100) mode are shown below.

- = % T/300 e( kBT-kB300) (2.5)

N = 0 N.T/300 C(kST-kBO (2.6)

7C = T()3/2 (2.7)
300

Yco = (T )3/2 (2.8)

I b = nb + no0 e kB
T  (2.9)

I where

T = The initial temperature of the gases plus A_ T

I = The number density of the (100) or (000) vibrational level

The new values calculated for the relaxation rates and number density of the

(100) vibrational mode ('y and nb terms) are passed to the integration loop containing

the rate equations. The (100) level molecular number density is increased by the rise

in gas mixture temperature. The (001) level is essentially unaffected by temperature

I compared to the (100) level so its number density remains unchanged. Since the

terms are altered according to the temperature of the gases at each time step, the

rate equations incorporate the temperature dependence of the system.

The TempDependence procedure was not included in the model because it

I could not be properly validated. Validation is the most critical stage in model
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development; if the model does not properly describe the system it is intended to

model, it is not functional. The validation process is explained in the next chapter.

2.5 Addition of the Adams-Bashforth-Moulton Integrator

The Runge-Kutta integrator used in Gallagher's original code was replaced by

an Adams-Bashforth-Moulton predictor-corrector method. The Runge-Kutta rou-

tine remains in the program and is used to determine three initial values needed

to start the Adams-Bashforth-Moulton procedure. The predictor-corrector method

runs faster than Gallagher's Runge-Kutta routine and produces more accurate re-

sults.

Stone's oscillator model also uses an Adams-Bashforth-Moulton integrator.

The integrator used in this model (procedure ABMpc) is an adapted version of

Stone's integrator. Stone developed his integrator using the algorithm in Burden's

Numerical Analysis (1:221-223). Burden provides an excellent description of this

multistep method.

The Adams-Bashforth-Moulton Predictor-Corrector procedure produces more

accurate results, but is very sensitive to the time step parameter (hi). During

the model's development, the algorithm would begin to oscillate wildly between

predictions and corrections; eventually the program would fail due to an overflow

of the exponential gain variable. The algorithm incorporates a time step constant

established by the user. If this time step is above .04 for small input powers (e.g. a

rectangular 80 MW input pulse), the procedure will fail. A time step of .02 or less

is recommended for reliable and accurate output.

Unfortunately, a smaller time step results in longer run times. For an experi-

ment with a duration of 25 lifetimes and time step of .02, the run time is approxi-

mately 12 minutes (using an 8 megahertz 80286 machine with a math coprocessor).

The next chapter contains figures that show the model's percent error for time steps

of .005 and .02.
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2.6 Amplifier Stringing

The model uses several arrays to track the populations and output power and

energy values during program operation. Experiments with long amplifiers (over 2

meters) and small time steps (.02) easily exceed the memory capability of 80286

machines with no augmente, nemory capability. Even though most personal com-

puters will have in excess of 2 megabytes random access memory in the near future,

this model was constructed to run on 80286 machines.

I ae model defeats the memory limitation by breaking up long amplifiers into

a string of smaller amplifiers. Each amplifier in the string is .09 meters long. The

user can model amplifiers which have a length equal to a multiple of .09 meters. The

model automatically adjusts any input length to an integer number of .09 meter long

amplifiers. (Figure 2.2). The input pulse that enters the original amplifier enters the

I Original Amplifier

I ".27 meters

Model ConversionI

I 0 .09 ---9 M- .09 M "-

Figure 2.2. String of Amplifiers SketchI
first, .09 meter model amplifier and the output pulse data for this smaller amplifier is

I
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written to the hard disk. The model then clears all the arrays and reads the previous

output data file as an input file to the next amplifier in the string.

I The delay in time for the pulse to travel from one amplifier to the next in the

string is modeled by adding zeros to the front of the output pulse from the previous

amplifier. For example, if the delay from one amplifier to the next in the string is

equivalent to three integration time steps, then three zeros are written to the front

of the input pulse before it is read by the second amplifier. Delay time is computed

by dividing the amplifier length by the speed of light. The number of time steps

(zeros) added to the front of the input pulse is calculated by the following equation:

I Length (2.10)
Time Steps -hi tcav c

Each amplifier in the string has a constant length of .09 meters. Parameter

tcav is a normalization constant used to keep the values of program variables in the

single precision range. Since the length is fixed at .09 meters and tcav = 2 x 10- 8, the

number of time steps is dependent only on the integration time step selected by the

user. For example, an integration time step (hi) of .005 yields e:.actiy 3 time steps.

I Therefore, three zeros will be written to the front of the input pulse to simulate the

delay time from amplifier to amplifier. A .02 integration time step yields a value of

.75. The program uses the nearest integer value of the calculated time step. Since

time steps are integer values, and the actual delay time based on the integration

time step can be noninteger, some error can be induced in this process. The error

caused by stringing a few amplifiers is less than when a large number of amplifiers

are strung together. This is because the error is magnified by each amplifier in the3 series. The next chapter shows that this error is acceptable for amplifiers from .09

to 2.97 meters in length. A base length of .09 meters was chosen to keep the number

of time steps exactly equal to 3 for an integration time step of .005.

The error could, perhaps, be reduced by dividing the amplifier into even lengths
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with a last fractional length amplifier. For example, pulse travel time through an

amplifier .48 meters long is exactly 4 time steps using a time step of .02 • tcav.

* An amplifier that is not an integer multiple of .48 would have a small fractional

amplifier as the last amplifier in the string. The model would have to reinitialize the

populations and conversion factors in addition to computing new pump rates. The

complexity and longer run time associated with this option, along with the marginal

gain in accuracy, make the method shown in Figure 2.2 more preferable.

2
I
I

I
I
I
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III. Verification and Validation

The first step in the validation of a model is to verify that the code is exe-

cuting as designed. Computer programs can easily contain bugs or programming

errors. Obviously, a program that contains errors cannot be properly validated. An

unverified model that produces near valid results is purely coincidental. Trying to

determine the validity of an unverified model is a waste of time. Verification, de-

termining that the model executes as intended, is necessary to prevent inaccurate

validation.

I Validation follows verification. Validation determines to what degree the model

matches the real world process to the extent intended by the modeler. Both verifi-

cation and validation will be discussed in this chapter.

3.1 Verification

SThe code was verified by analyzing the major procedures within the program.

Instead of tracking the progress of each line, the procedures were verified at distinct

3 positions within the code. QuickBASIC allows the programmer to step through

the program one line at a time while displaying the values of up to six variables.

I Verification of each line is impractical in this model since there are over 2000 lines

of code and over 50 variables. Verification of each line, although possible using the

QuickBASIC editor, is not feasible given the time to complete this project.

Verification of the code at major junctions within the program is a feasible

and acceptable technique. It is assumed that the code executes as intended between

junctions if the values of the variables are correct at each junction.

The model was verified at the stages shown in Figure 3.1.
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Menu for Menu for

Kinetics On Case Kinetics Off Case

Boltz Procedure

3 Integration of Rate Integration of Rate

Equations and Output Equations and Output

OutPut Filing Routines

i Figure 3.1. Flow Chart for Model Verification

Each block represents key points in the program that must run properly for

the entire model to operate as intended. The verification of each block shown in

Figure 3.1 is discussed in the following paragraphs.

Menus. The QuickBasic editor was used to verify the operation of the menus.

The menus are critical to the program because they establish the values of the

parameters used in the program. If a parameter value is not properly assigned while

the user interfaces with the menu, then the model will not run properly. Essentially,

the menus must run properly for the model to "start off on the right foot".

The menu screen for both the kinetics on and off cases was verified by assigning

values to parameters through the menu and using the QuickBASIC watch option to

check the value of the parameters during operation after the menu display. For
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example, the values for the gas mix (%C0 2, %N2, and %He) are assigned by the

user while interfacing with the program through the menu. The user assigned values

were compared to the values shown by the QuickBASIC variable watch feature. If

the variable watch value equals the user specified value for every possible parameter,

* then the menu is working as intended.

Boltz Procedure. The Boltz procedure was verified by comparing the values

returned by Boltz in this model with those returned by Boltz in Honey's model. The

values of w0 , wb, and wc returned by Boltz in Honey's model were identical to the

those for this model for several sets of input parameters. Therefore, Boltz works

as intended in this model. Further, since Boltz was validated by Honey, the values

produced by Boltz in this model are also valid.

Integration of the Rate Equations and Output. This amplifier model and Gal-

lagher's model are almost identical for the kinetics off case. In both models, the

pump rates and collisional relaxation rates are set to zero, and the user specifies

a gain per unit length. The gain per unit length is used to determine the initial

Ii population of each cell. The difference between this model and Gallagher's model is

the method of integration. Gallagher used a fourth order Runge-Kutta integrator;

this model uses Runge-Kutta to produce initial values that are used by an Adams-

Bashforth-Moulton predictor-corrector algorithm. For the purposes of verification,

the output values for gain, populations, and power out should be similar in both

models.

To verifiy the kinetics off case integration and output code, Gallagher's model

and this amplifier model were run using identical parameter sets. Since Gallagher val-

idated the kinetics off case by comparision to a Frantz-Nodvik solution (see reference

(4)), if both amplifiers produce similar results, this model's integration procedure is

verified. Validation at this stage is not assumed and its discussion is reserved for the

validation section.
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Several experiments were performed tc determine if the output of the Adams-

Bashforth-Moulton integrator in this model matches the output of Gallagher's vali-

dated Runge-Kutta integrator. Table 3.1 lists the results of several experiments. In

each experiment, the user specified gain per unit length and other parameters were

identical for both amplifiers. Table 3.1 shows the output for both amplifiers under

varying values of the user specified gain and amplifier length for a 10 MW input

pulse. An integration time step of .04 was used for both amplifiers.

Table 3.1. Comparison of Runge-Kutta (R-K) and Adams-Bashforth-Moulton (A-
B-M) Integrator Output for a 10 MW Pulse

Gain .4rp. R-K Integrator A-B-M Integrator
Len. Gain Gain Pwr Gain Gain Pwr

(%/rn) (m) ist Cell Last Cell Out 1st Cell Last Cell Out
60 1 56.64 53.08 17.92 56.66 52.93 17.99
70 1 66.08 61.47 19.74 66.11 61.29 19.83
80 1 75.52 69.71 21.74 75.55 69.48 21.85
90 1 84.96 77.78 23.93 84.99 77.50 24.07
100 1 94.40 85.67 26.33 94.44 85.34 26.52
110 2 103.84 36.08 90.25 103.84 34.15 90.25
120 2 113.28 32.39 110.23 113.28 30.17 110.23
130 2 122.72 28.00 134.64 122.72 25.57 134.64
140 2 132.16 23.26 164.45 132.16 20.74 164.45
150 2 141.60 18.49 200.86 141.60 16.08 200.86

The table shows that the output of both amplifiers is essentially identical even

though they use different integrators. Since Gallagher's integrator is verified and

validated under the conditions shown in the table, the integrator of this model is

working as intended.

Verification for kinetics on was performed in a manner similar to the kinetics off

case. The code was executed for a given parameter set and the output was analyzed.

Since Gallagher's ampliqcr model does not include the Boltz procedure for calculating

the pumping terms, output for both models for given conditions is similar, but not
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equal. Therefore, this amplifier's kinetics on case was compared to the kinetics off

case. Gains and input powers for a 10 MW input pulse were compared to output

pulse values for the kinetics off case using the same input pulse. For example, one

run with kinetics on used a given parameter set and showed a 63.5694% gain in the

amplifier as the input pulse entered the cavity. The resulting output was 17.6899

MW. The same gain was specified in this model using the kinetics off option and

produced an output power of 17.1745 MW. Table 3.2 shows the kinetics on versus

kinetics off values for different amplifier lengths.

Table 3.2. Comparison of Kinetics On and Kinetics Off Output for a 10 MW Pulse

.A7mplifier Kinetics On Gain Kinetics Off
Length Output Pulse ('1W1) 7Im Output P'Llse (,tI,

(Peak Value) (Peak Value)

1.0 1 17.6899 66.5694 17.6839
1.2 20.1971 66.5694 20.1902
1.4 23.4041 66.5694 23.2544
1.6 26.5693 66.5694 26.5651
1.8 30.3272 66.5694 30.3224
2.0 34.8945 66.5694 34.8945
2.2 39.8638 66.5694 39.8638
2.4 45.4898 66.5694 45.4898

2.6 52.0261 66.5694 52.0261
2.8 59.4350 66.5694 59.4350

Table 3.2 shows very reasonable values for the kinetics on case. The model's

integrator is working as designed for both the kinetics on and kinetics off options.

The verification process to this point shows that the model's code works as

intended. The menus provide the proper values of the input parameters to the

program's main body. The Boltz procedure, already validated by Honey, provides

exactly the expected pump terms for any set of input parameters. The Adams-

Bashforth-Moulton integrator provides solutions to the rate equations that are ex-
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pected for any given set of conditions; the solutions concur with values determined

by an independent, verified and validated Runge-Kutta integration algorithm.

Output Filing. The output filing portion of the program writes data to files

specified by the user. The user can choose to make a file of the populations, power

output, energy output, gain, and input parameters. Verification of the output filing

portion of the model was done by making runs, choosing a file option, and viewing

the file using the DOS "TYPE" command. The model was operated and output

files were selected for every available file option. The model output and files were

identical for each file option.

T1he model's code executes each major task as designed. The menus assign

values to the appropriate parameters, ensuring that the main body uses correct

values. Boltz and the Adams-Bashforth-Moulton predictor-corrector return expected

values for a given set of parameters. The output filing routines write the proper

values to a storage file for a given menu choice.

The next step is to validate the model. The verification step only confirmed

that the model operates as intended; verification does not prove that the working

code accurately models reality. The next section discusses the validation process.

3.2 Validation

Validation was accomplished by comparing the model's output with a math-

ematical solution for amplifier gain under special conditions. Frantz and Nodvik

derived closed form solutions to photon transport equations describing the growth

of a pulse in a pulse laser amplifier (3:2346). Frantz and Nodvik account for the

change in the inversion density between the front end of the pulse and the pulse's

tail end.

The leading edge of the pulse encounters an initial, maximum inversion den-

sity. Photons in the tail end of the pulse encounter a reduced inversion due to the

interaction of the leading edge with the inversion as the pulse entered the cavity. If
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the plse is strong enough, the leading edge can saturate the inversion and tail end

photons may not encounter any inversion at all. In this case, the power into the

I amplifier at the tail of the pulse will equal the power out of the amplifier at the end

of the pulse. Similarly, very small pulses experience a large inversion for the entire

duration of the pulse since the amplifier is not saturated. Tail end photons interact

with the inversion and the entire pulse is amplified.

Frantz and Nodvik provide a very useful equation for calculating the output

pulse for a given input pulse in a simplified amplifier. They assume that the input

pulse is square (constant amplitude) and the population inversion to be uniform

throughout the medium (3:2347). The equation is written as follows:
nos

(X, 1 -[1 - e(naoI)]e(-2d(t-/c)/r) (3.1)

where

n(x, t) = Photon density at the amplifier exit at time t

U no, Photon density of the input pulse
Ao = Population inversion as the input pulse enters the amplifier (n0 - nb)

I r= Resonance absorption cross section (see equation 1.10)

x= Length of the amplifier

7 = Total number of photons per unit area in the pulse

= Duration of the input pulse

St= Time since the pulse entered the amplifier

c = Speed of light

I The equation calculates the photon density (power output) at the end of the

amplifier from the moment the leading edge of the pulse exits the amplifier until the

trailing edge of the pulse exits the amplifier. The equation does not model kinetics

* and is useful only for validation under specific conditions.

The Frantz-Nodvik equation ignores the dynamic processes that occur concur-

rent with the input pulse's entry into the amplifier. As the pulse travels through the
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I population inversion, collisional relaxation effects degrade the initial inversion. The

inversion is degraded through collisional relaxation before the pulse can traverse the

I entire length of the amplifier. Frantz and Nodvik assumed that the leading edge

of the input pulse encounters the same inversion during its entire trip through the

amplifier. Since the equation ignores collisional relaxation, the relaxation terms in

the model were not operating during validation.

The equation expresses the value that this model should calculate if one could

use an infinite number of cells. The model's initial value for n(x, t) at the amplifier's

exit (power out) will always equal the Frantz-Nodvik solution for the front of the

input pulse (t = x/c). Disregarding kinetics, the front end experices the initial

population inversion throughout the length of the amplifier. In a real world amplifier,

I kinetics are active continuously, even as the leading edge of the pulse propagates

through the medium. Subsequent portions of the input pulse experience a depleted

- inversion. The model calculates the new inversion at each time step for each cell.

Since the model calculates the gain for a number of cells where the inversion is

I constant for the length of each cell, the model's value for gain will not equal the

Frantz-Nodvik solution. As the number of cells increases for a given amplifier length

(achieved by lessening the time step), the gain will be calculated over a smaller A x

and the model's output will more closely match the Frantz-Nodvik solution.

Several validation experiments were conducted for amplifiers with lengths be-

tween .09 and 2.97 meters. Experiments were conducted to compare the percent

error between runs with differing numbers of amplifiers in the string (Figure 2.2)

and different time steps. The number in the string is dependent on the amplifier

length. The user explicitly chooses the time step. Percent error was calculated as

Ifollows:
Frantz Nodvik Value - Model Value

% Error = Frantz Nodvik Vclue 100 (3.2)
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3.2.1 Percent Error as a Function of Time Step Four validation runs were

executed to compare the percent error for different time steps. Two input pulse

durations were used to compare the percent error using a .005 and .02 time step.

One pulse had a 40 nanosecond duration; the other pulse was 100 nanoseconds long.

Figures 3.2 and 3.3 show the results of each run.

Figure 3.2 shows that the 40 nanosecond pulse did not have enough energy to

saturate the inversion. If the inversion was saturated, the percent error would have

--ppi-oachcd zero at the end of the pulse. At saturation, power in equals power out

and the error is zero. The curves for both time steps show that the inversion was

not saturated because neither curve approaches zero at the end of the pulse.

Pulse Length - 40 nsec, Amplifier Length - .45 m

Time Step = .005
Time Step = .02 ---

0.8

I0.6

~ 0.4 -

0.2 I

0II___ __ __ __ __ __ __ ___ __ __ __ __ __ __I _

0 5 10 15 20 25 30 35 40 45 50

Time (nsec)

Figure 3.2. Percent Error Using a .005 vs. .02 Time Step (40 nsec pulse)

As anticipated, the % error is less when the user chooses a smaller time step.

The peak error in Figures 3.2 and 3.3 is less than .6%. The curves suggest that the

model will produce good results at either time step. The .02 time step produces less
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Pulse Length - 100 nsec, Amplifier Length - .45 m

1 1
Time step - .005
Time step - .02

0.8

n 0.6

1 0.4

II

II

0.2 
/

IY

20 40 60 80 100 120
Time (nsec)

Figure 3.3. PerIent Error Using a .005 vs..02 Time Step (100 nsec pulse)
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accurate results than the .005 time step, but the run time is shorter. A time step

of .005 produces excellent results, but it can only be used to mor 'i.: ..o longer

than a few hundred nanoseconds. The combination of small time step and long pump

and pulse time can easily cause the model to exceed the machine's rTAn.,-._a access

memory.

Pulse Length - 40 nsec
2

.45 m amp -
f9 m amp -1.8 2.9'7 m amp ---

1.6

1.4

o 1.2

a.

S 0.8

0.6.

0.4 -.

0.2 - ---

0
0 10 20 30 40 50 60

TLme (nsec)

Figure 3.4. Percent Error for .45, .9, and 2.97 Meter Amplifiers (40 nsec pulse)

The 100 nanosecond pulse did come closer to saturating the inversion. Fig-

ure 3.3 shows that the error peaks about half way through the pulse and approaches

zero near the end of the pulse. The 100 nanosecond pulse had more energy than the

40 nanosecond pulse and was able to drive the inversion closer to saturation.

Figures 3.2 and 3.3 confirm that the integrator is more accurate when using a

smaller time step. Also, the 100 nanosecond pulse has less error at the end of the

pulse than the 40 nanosecond pulse. This is expected since the longer pulse is more
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3 Figure 3.5. Percent Error for .45, .9, and 2.97 Meter Amplifiers (100 nsec pulse)
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able to saturate the inversion. At saturation, model output and the Frantz-Nod ik

equation equal zero.

3.2.2 Percent Error as a Function of Length Figures 3.4 and 3.5 show that

error is magnified from amplifier to amplifier in the model string. The error induced

in one amplifier is passed to the next amplifier. Subsequent amplifiers compound

the error. The error increases from a peak error of .3% in a .9 meter amplifier to

1.5% in a 2.97 meter amplifier. A .9 meter amplifier is modeled by a 10 amplifier

string and a 2.97 meter amplifier is modeled by 33 amplifiers. For an approximate 3

timie increase in length, the model error is increased by a factor of 5. While this is

I a large increase, the overall error is still quite low.

As discussed above, the 100 nanosecond pulse drives the amplifier closer to

saturation than the 40 nanosecond pulse. Hence, the 100 nanosecond curves have a

more negative slope and are closer to 0% error at the end of the pulse. The spike for

the 2.97 meter amplifier in Figures 3.4 and and 3.5 shows that the greatest error is

induced at the front of the pulse when the medium is not saturated. At saturation,

there is little error in each of the amplifiers in the string.I
3.3 Conclusion

I The model is valid under the special conditions assumed by Frantz and Nodvik.

Disregarding kinetics, the model's output matches expected output with little error.

The error that is present has expected values for specific times during the pulse. The

error starts at zero as the input pulse encounters the initial inversion and approaches

zero as the medium is saturated. The error between the initial pulse entry into the

amplifier and saturation reaches a peak value and drops gradually as the inversion

is gradually reduced.

Error is reduced by using a smaller time step. The Adams-Bashforth-Moulton

integrator, like any numerical algorithm, produces more accurate results with a
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* smaller time step than with a large integration interval.

Error is magnified from amplifier to amplifier in the string. Output will be

more accurate for shorter amplifiers since shorter amplifiers are modcled using fewer

amplifiers in the string.

This model was only validated under the special conditions that a-company

the Frantz-Nodvik equation. Obviously, the output should be compared to output

from actual laser hardware if possible. The time available to complete this effort did

not permit this type of validation.

The validation process not only determines how well the model represents

reality, but assists in planning the experimentation strategy. Model experimentation

was done with amplifiers less than three meters in length since validation showed

I that error increases with increasing length. Three meters is a substantial length for

a space based laser amplifier. Experimentation is discussed in the next chapter.

i
I
I
I
i
I
I
i
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IV. Results

K Validation was performed for a specific set of input conditions. The input

pulse was square and kinetics were not modeled. Actual laser pulses are not square.

Stone's oscillator model produces data that simulates a real laser pulse. This model

was constructed primarily to read in and amplify an output pulse from Stone's os-

cillator model. Although the model produces valid output when compared to the

Frantz-Nodvik equations, it needs to be tested while serving its intended purpose.

The comparison is not for validation, but to determine if the model provides results

that are reasonable for a given set of conditions. The output could be not com-

pared to data from actual amplifiers, so its accuracy could not be determined. The

demonstrations described below were done to determine if the model reacts prop-

erly to changes in the various parameters (pressure, pump time, etc.). The scope of

this work was limited to constructing and validating the amplifier model using the

Frantz-Nodvik equation; a detailed analysis of its output is beyond the scope of this

thesis. The number of different demonstrations that can be performed is infinite.

For the purpose of this investigation, six were performed.

4.1 Model Experiments

Six experiments (demonstrations) were performed and their results analyzed.

The following experiments were performed:

1. Amplify and produce an output pulse for a 12C and 3C based input pulse.

2. Compare the amplification of a 2 C input pulse using amplifiers with cavity

pressures of 1, 2, and 3 atmospheres.

3. Compare the amplification of a 2 C input pulse using amplifiers with different

cavity gas mixtures. One amplifier used an N2:CO 2:He ratio of 20:10:70; the

other used a ratio of 0:10:90.
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4. Compare zhe amplification of a C ,nput pulse for different input times. One

pulse entered the amplifier cavity after 100 nanoseconds of pumping. The other

entered 140 nanoseconds after the amplifier started pumping.

5. Determine the peak Power Out and enegy out values for amplifiers of increasing

pressures. The amplifier pressure was increased by .05 atmospheres from 1 to

* 3 atmospheres.

6. Determine the peak Power Out and energy out values for amplifiers of increasing
power in energy in

lengths. The amplifier length was increased by .09 meters from .09 to 2.97

meters. .09 meters is the length of the base amplifier used by the model.

Stone's oscillator model (version C033G) was used to generate the input pulse.

Table 4.1 lists the parameter values used to generate the input pulse. The same

parameters were used to generate the 12C and 3 C pulses.1
Table 4.1. Oscillator Parameters Used to Generate the Input Pulse

S[ Parameter Value
F Length 1 meter
Pressure i atmosphere
% C0 2, % N2, % 1" 10, 20, 70
Temperature 390 Kelvin
Integration Time Step .01 Cavity Lifetimes
Cavity Lifetime 20 nanoseconds

* Loss per Round Trip 3 %
Pump Pulse Length 20 Cavity Lifetimes
Energy Bins (Boltz) 35
Boltz Energy Range 5 ev
Tube Current Density 34 amps / cm2

Energy Loading 99.74 Joules / liter
E/N 3 x 10-16 Volts . cm 2

Table 4.2 lists the parameters used in the amplifier for the conduct of the ex-

periments. The amplifier parameters were kept constant with the exception of the
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parameters dependent directly on the experiment being performed. For example,

only the pressure was changed for experiments two and five; all other parameters re-

tained the values shown in Table 4.2. This was done to maintain consistency between

the experiments and served as a good check on the output of each experiment. For

_ example, the 2 C output pulse in Figure 4.1 was constructed using the exact same

amplifier and oscillator conditions as the 1 atmosphere pulse shown in Figure 4.2.

I As shown in the figures, each pulse reaches the same peak power output and has the

same shape. This consistency aids in the evaluation of the results.

* Table 4.2. Amplifier Parameters Used to Generate the Output Pulse

Parameter Value

Input Beam Diameter .05 meters
Length .81 meters
Pressure 1 atmosphere

% C0 2 , % N 2, % He 10, 20, 70
Temperature 300 Kelvin
Integration Time Step .01 tcav
Normalization Constant (tcav) 20
Coupling Loss Term 1%
Loss per Unit Length 1%
Pump Pulse Length 5 tcav
Energy Bins (Boltz) 35
Boltz Energy Range 5 ev
Tube Current Density 68 amps / cm 2

Energy Loading 99.74 Joules / liter
SE/N _ 3 x 10- 16 Volts . cm 2

The normalization constant (tcav) shown in the table is used to keep the values

in the computer code in the single digit range. Stone used the "cavity lifetime" in

his oscillator model for the same purpose. Since this model must be compatible with

Stone's model, this model uses the same normalization constants. The results of

each experiment are explained in the following sections.
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4.1.1 Experiment #1: Amplify a '2 C02 and 1co2 Based Input Pulse Fig-

ure 4.1 shows the results of experiment number one. The peak power of the 12 C0 2

input pulse is approximately 70 MW. The pulse is amplified to a peak power of

approximately 105 MW. As expected, the output pulse is narrower than the input

pulse. The sharper output pulse results from quick saturation of the amplifier in-

version by the input pulse. The energy contained in the inversion is released in the

I form of the output pulse as the inversion is depleted by input pulse photons.

I Carbon 12 and Carbon 13 output

160 Carbon 12 Input-
Carbon 12 Output--
Carbon 13 Input ---
Carbon 13 Output ....

140

120

- 100

20

60

4 0 ,. ..

", -

S I " - -"""

20 - -.--

0 80 100 120 140 160 180 200
Time (nsec)

Figure 4.1. Power Output for Carbon 12 and Carbon 13

The model is applying a gain to the input pulse. The gain for a 12C based CO 2

mixture should be less than that for a 3 C based CO2 mixture because the Einstein

A coefficient is greater for 3 C than for 12C. The net result is that a 13C pulse sees

a greater inversion and is able to extract more energy in the form of an amplified

input pulse. Figure 4.1 shows that the 3C pulse experiences greater gain.
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I This first demonstration shows that the amplifier increases the power of the

input pulse. Further, it shows that the model amplifies 2C0 2 and 13 C0 2 based

input pulses to differing degrees as one would expect. This demonstration does not

prove that the value of the output is accurate since the results were not compared to

laboratory data; however, it does provide output that is consistent with expectations

(the pulse is amplified) and theory (x2Co 2 gain is less than C0 2 gain).I
4.1.2 Experiment #2: Examine the Output Pulse for 3 Cavity Pressures Fig-

ure 4.2 shows that the output pulse peak power increases for increasing cavity pres-

sures. The increase is accompanied by a narrowing in the pulse width. At higher

pressures, the density of the inversion is greater. The input pulse meets a denser

environment and forces more CO 2 (001) molecules to decay as it travels down the3 length of the amplifier. Again, model output agrees with expectations.

This behavior is beneficial to Doppler radar calculations. The narrower pulse

provides more accurate range determination; higher powers extend the radar device's

range. Current research is being done with higher cavity pressures in oscillators and

amplifiers in order to sharpen the laser pulse and extend the useful range of the

range/velocity finder.

4.1.3 Experiment #3: Examine the Output Pulse for 2 Gas Mixtures Fig-

ure 4.3 shows a dramatic difference in output power for a 20% N2 mixture versus

a 0% N2 mixture. N2 is used in CO 2 pulse lasers to aid in the pumping of CO 2

molecules to the (001) energy level. N2 is easily pumped to an energy level that is

only 18 cm -1 below the CO 2 (001) energy level. When N2 is not present, the only

pumping mechaiiitm is collisional electron excitation. The result is a significantly

lower CO 2 (001) density.

N2 also aids in decreasing the lower level CO 2 (100) energy level, thus causing

I a greater inversion. The inversion is expressed as the difference between the number

density of the CO 2 (001) and (100) energy levels (n, - nb). When N2 is not available
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Figure 4.2. Power Output with Increasing Amplifier Pressure
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Power Output Using 0% and 20% N2
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Figure 4.3. Power Output with 0% and 20 N2
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I to increase the (001) level or decrease the (100) level, the inversion will be much

smaller. This concept is illustrated in Figure 4.3. The same input pulse is amplified

I much differently with and without the presence of N2 in the amplifier cavity.

The output is consistent with expectations. N2 is included as a component

of the gas mixture to aid in establishing an inversion. One would expect that its

absence would be marked by a decrease in the overall gain.

4.1.4 Experiment #4: Varying the Insertion of the Input Pulse Figure 4.4

Ishows the results of two different pump times. The pulse inserted after a 140 nanosec-

ond pumping period is amplified more than the pulse inserted after 100 nanoseconds.

This is because the amplifier is allowed more time to build an inversion. A longer

I pumping time results in greater pump terms (Wa, Wb, and w,) returned by the Boltz

procedure. The rate equations show that a greater value for the pump terms (caused

by a longer pumping period) leads to a larger population inversion. The limit to the

inversion is governed by the total number density in the gas mixture, collisional

relaxation, and temperature effects. The rate equations predict that amplification

will be greater for longer pump durations; Figure 4.4 shows that the model applies a

greater gain to input pulses when the amplifier has been pumped for a longer period.

4.1.5 Experiment #5: Determine the peak power out and energy out values whileI415power in energy in

increasing the cavity pressure. Figures 4.5 through 4.7 show the effect of increasing

pressure on amplification. Figure 4.5 shows an almost linear relationship between

increasing pressure and increasing peak power output. Figure 4.5 reinforces Fig-

ure 4.2. Witteman ((16:60)) discusses the effects of increasing pressure on laser

output. Pressure affects the following terms in the model: it increases the molecular

number density; it increases the value of the pump terms; it increases the collisional

relaxation rates; and it increases the value of the pressure-broadened linewidth (Avp).

The increase in collisional relaxation and Avp degrade the gain of the amplifier. The

increase in the pump rates and the total molecular number density add to the gain
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Figure 4.4. Power Output with 100 and 140 nsec Input Pulse Delay
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I and dominate the two degrading terms by a small margin. This is shown by the

slight upturn of the curve at higher pressures. The slope of the increase reveals that

I it is beneficial to push laser development towards higher pressure amplifiers. A one

atmosphere increase in cavity pressure can yield a twofold increase in energy out.

IFigures 4.6 and 4.7 show a linear relationship between pressure and energy or power.

In laser radar applications, the energy of the beam is dissipated by 1/distance2 to

Ithe target. Higher energies translate to longer ranges for a laser radar device. Con-

sidering the cost of placing any cargo in orbit, it is desirable to develop smaller,

Imore efficient amplifiers for space laser radar applications. Increasing the amplifier

cavity pressure is an excellent technique for achieving the desired performance. Un-

fortunately, the hardware associated with higher pressures tends to be heavy, and

tradeoffs must be made in performance to satisfy weight constraints.

Peak Power Output vs Pressure (Peak Power In - 68.9 MW)
350
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I
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Figure 4.5. Peak Power Output with Increasing Amplifier Pressure

4-10



Energy Output vs Pressure (Energy In - 1.78 joules)
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Figure 4.6. Energy Output with Increasing Amplifier Pressure
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4.1.6 Experiment #6: Determine the peak P and energy oul values while
power in energy %n

7,?creasing the amplifier length. Increasing the amplifier's length increases the resul-

tant output power and energy. Since the input pulse is encountering a larger volume

of excited CO 2 molecules, it extracts more energy from the inversion. Figures 4.8

I through 4.10 show a slightly positive exponential increase in output power and en-

ergy for a given length of amplifier. For long or high power input pulses, the leading

I photons quickly saturate the inversion and the photons near the end of the pulse

do not experience an inversion. For longer amplifiers, the same input pulse does

not have enough energy to saturate the larger amplifier volume and more of the

photons in the input pulse have an opportunity to strike an exited CO,, molecule.

Consequently, the peak power output will be greater.

The increase in power or energy from increasing the length does not benefit

space operations. Cargo that is transported into low earth orbit must be as small

and light as possible. Lengthening the amplifier is a brute force method of increasing

the output for a given input. This technique is best suited for ground operations,

such as an earth to space laser system.

4.2 Summary

The experiments discussed above were done primarily to observe the model's

operation in conjunction with Stone's oscillator model. This purpose of this work

was to create an amplifier model that is compatible with Stone's model; therefore,

several runs were conducted to verify that it receives input and produces output that

is logical for the given parameters. Each experiment produced trendwise consistent

results for model input conditions. These experiments cover a very narrow range

of all possible investigations in laser amplifier design; however, the fact that model

output matches expected output reinforces the usefulness and face validity of the

model. Further work with this model is warranted to determine if the model's

output agrees with data from experiments with actual laser amplifiers.
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V. Conclusion

I With further laboratory testing, the model should prove to be a reasonable

representation of a laser amplifier. Like any model, it has its strong points and

weaknesses. This chapter outlines its advantages and limitations.

5.1 Model Advantages

The ultimate goal of this work was to improve Gallagher's amplifier model.

This model surpasses Gallagher's model in several ways.

I Gallagher's validated his model using the Frantz-Nodvik equation. Because his

model does not incorporate amplifier stringing, he was limited by memory contraints

to a minimum time step of .0416. The result is that peak error is close to 3% for

the lowest possible time step. This model achieves percent errors below .4% for .9

meter amplifiers and is able to use a time step of .005.

Gallagher's model is length and time step limited. His model does not allow

long lengths (above a few meters) and/or low time steps (below .04). Long lengths

and short time steps cause his model to exceed the computer's memory capacity. This

model defeats the memory limitations experienced by Gallagher through amplifier

str-,ging. Time steps of .005 are possible for an infinite amplifier length. The

program does not allow the user to inpu lengths greater than 2.97 meters, but this

can easily be changed to include all possible lengths that are a multiple of .09 meters.

The restriction to 3 meters only serves to prevent users from choosing a length that

results in over a 60 minute run time.

This model uses the Boltz procedure to calciiate more accurate values for the

pumping terms shown in the rate equations. Gallagher's model calculates the pump-

ing terms based on an assumed pump efficiency of the system. Since this model's rate

equations have more accurate terms, the output is probably more accurate. Neither

model has been compared to output generated by an acual amplifier.
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Gallagher's model uses a slower, less accurate integrator. His Runge-Kutta

routine runs slower and produces less accurate results than the Adams-Bashforth-

Moulton integrator used in this model (1).

This model is more organized and easier to modify than Gallagher's model.

I Gallagher's original code contained fewer than seven procedures and a large main

body. This model has over 22 procedures. These procedures allow the user to easily

I understand the code's structure and add embellishments as desired.

I 5.2 Model Limitations

I The greatest limitation is the amount of memory consumed by the arrays. The

model has a procedure which truncates the actual input pulse when small time steps

(e.g .005) are used. The tail end of the pulse is not included in the run under these

conlitions. If the model is used oil a machine with greater than 640 kilobytes of

ranoin access memory, truncation is not necessary.

The model can have excessive run tines when modeling longer aml.ifiers. The

I ru. tirne is proportional to the length of the amplifier being modeled. The program

tak-s roughly 2.25 ininutes for each amplifier in the string after the pump rates are

ca. -dated. For example, for an amplifier length of .9 meters, the run time is 22.5

nii',utes using an 8 megahertz 80286 computter with a math coprocessor.

Since the A liar:;- Bashfort Ii- NIou Iton integrator is time step sensitive, the model

shc.ld be run using a time step value of .02 or less. Three iterations of the predictor-

cot -ector are performed to make up for the inaccuracies caused by a time step of .02.

M( e iterations translate to longer run titlies.

5, (°'onclti,tons tid Rtcoinmendatio us

5..1 ( '011clusion.s This model is a significant improvenent over the original

I ilel dvlpel I at the Air Force Institute of 'lechhology. The percent error for

amp litiers Itess than 3 nieters long is less than 1/5 that of the original amplifier
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model. The primary improvement is due to the addition of the Boltzmann and

temperature averaging procedures which lead to a much more accurate calculation

of the pump terms shown in the rate equations.

The model has potential for further embellishments, especially when used onUa more capable machine than the 80286. Much of the software being written today

is designed for more capable 80386 and 80486 machines.

The model is a good guide for the laboratory researcher to determine the effect

of manipulating some of the parameters that affect the output of a laser amplifier.

It can also be used in graduate level studies to reinforce classroom discussion of

* amplifier theory.

5.3.2 Recommendations The model does not need further embellishment to

serve as a supplement to research or instruction in the classroom. It does have

5 potential to model other aspects of input pulse amplification. The following recom-

mendations list how the model can be improved:

1. Determine how to program temperature dependence into the model. This work

considered the physics of temperature effects, but the process was not validated

and more work could be done in this area.

2. Place more of the main body code into procedures. This effort made a great

contribution in this area and the model is much more flexible and readable

because of it. If further embellishments are to be made, the code must be

readable by the programmer. The menus and output routines, as a minimum,

can be placed into procedures.

3. Design a version of the code for use on more powerful machines. Although this

is an easy programming task, the model would have to be revalidated. The

goal should be to be able to run the code at a time step of .005 for a maximum

simulation time of 500 nanoseconds.
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* 4. Compare the output of this model with experimental data derived using actual

laser amplifiers. The best way to validate a model is to compare its output

with the output measured from an actual system.

These recommendations are feasible for a masters level graduate student.

n

I

I
I
I
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Appendix A. User's Guide

This appendix provides a step-by-step explanation of how to use the amplifier

model. The program does not have an on-line help (Fl) feature, but it is simple to

operate. The user should be familiar enough with the program after a few sample

runs to use the model without this guide. This appendix should be read while

running the program since it frequently refers the reader to the computer monitor.

The model can be used alone or in conjunction with Stone's oscillator code. In

either case, the code is an executable file; the user does not need QuickBASIC 4.5

to run the model. Simply turn on the computer and insert the program disk into an

available disk drive. Access the drive and type Arnpmodel.

.4.1 Overall Structure

Figure A.1 shows the model's overall structure. The model can amplify two

types of input pulses. The user can create his own square (constant amplitude)

pulse, or have the model amplify a pulse generated by Stone's oscillator model. The

model's execution is the same for either type pulse once the user has initialized the

amplifier's parameters (length, pump duration, etc.). The following sections walk

the user through each of the stages shown in Figure A.1.

A.2 Cover Sheet

The cover sheet explains the modeled processes. This screen is a summary of

the model's capabilities. Press any key to continue after you have finished reading

the screen.

A.3 Data Files or Square Pulse Generation and Kinetics On/Off

This is where you decide whether you want to amplify a square input pulse

(you will describe its amplitude and duration later) or a pulse created by Stone's
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Figure A.1. Amplifier Model Structure
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oscillator model. The model does not have a library of pulses from Stone's mcdel, so

you should have already created one. The model is able to receive pulses generated

by Stone's oscillator model version C033G. Decide which type of pulse you want to

amplify (press f or s) and press RETURN.

You must now decide whether you want kinetics on or off. With kinetics on,

the procedure BOLTZ will calculate the pumping terms based on parameters you

set on an input screen shown later. If you choose kinetics off, the model will send

you to the input menu, and prompt you for the gain per unit length during program

execution.

The following two subsections describe both types of input pulses.

A.3.1 Data File Pulse Using a power data file created by Stone's program

makes best use of this modcl since Stone's model produces a power file that closely

resembles an actual laser pulse. The file pulse option can only be used if Stone's

program was run with no time step change and the data was saved at every time

Istep. Stone's model allows, and encourages, saving the output pulse power data at

other than every time step. This model cannot input data from Stone's model unless

there was a constant integration time step and every data value was saved.

Input the name of the data file at the Input Filename prompt. For example,

type c:myfile if the data file is on the c drive. Press RETURN and an input menu

Iwill appear. The decisions you make here will determine the amplifier's performance

and the duration of the run.

IThe user can change any lettered parameter on this screen. The default val-

ues shown are reasonaLle. The parameters shown in yellow affect the pump rates

Icalculated by the BOLTZ procedure if you selected kinetics on.

IThe values chosen for the "Amplifier Length", "Maximum Run Time", and

"Number of Energy bins" determine how long the model takes to run. The model

Iuses a lot of memory in dynamic arrays whose size is dependent on the length, run
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Itime, and number of energy bins. If the program fails during exezution, it is because

the machine ran out of random access memory. An error statement will appear

Iwith the following statement: Press any key to return to the system. Only

users with 640 kilobyte random access memory machines may encounter memory

I problems. Failures are caused by a combination of a small time step, long run time,

and large number of energy bins. Since the time step is set by the oscillator model

I for a filed pulse run, the user can reduce the maximum run time or number of energy

bins. Keep the maximum run time below 25 for a time step of .02. If memory is

Iexceeded with the lowest possible run time, reduce the number of energy bins to 30

or even 25 if necessary.

Press RETURN if the input parameters are correct for this run. If you want

to run a square input pulse, press q and answer y to the Go to Square Pulse

Routine? prompt.

.4.3.2 Square Pulse Routine This menu is exactly the same as the file pulse

I menu, except you create a square pulse by adjusting the parameters shown in blue.

The yellow parameters affect the BOLTZ pump rate procedure just like the file pulse

I routine. Pay particular attention to the time step, amplifier length, and number of

energy bins input values if you are using a machine with limited memory. A time

step of .02 provides excellent accuracy. Time steps above .04 may cause numerical

instability of the program's integrator. Time steps down to .005 are possible if the

maximum run time is low (200 nanoseconds). Users with extended memory machines

(over 1 megabyte) can use a time step of .005 for longer durations, but the run time

is longer. Press RETURN after the desired input parameters have been chosen.

I A.4 Program Execution

A.4.1 Kinetics On The program will run and display the \,ibritional temper-

ature values for the BOLTZ procedure if the user chooses kinetics on. The program

I
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does three iterations ot the BOLTZ procedure using the average vibrational temper-

atures of the CC, (001) and (100) energy levels during the pump pulse. These values

are displayed to show their convergence to a given temperature dependent on the

input parameters. A beep will sound and a prompt will appear when all calculations

are complete and the model is ready to display the results of amplification. Press

RETURN to continue at the prompt.

A.4.2 Kinetic, Off A prompt will appear after completion of the input menu

that asks for the Gain per Unit Length. Input any value greater than zero (100

is a good practice value) and press RETURN. The program then calculates the

amplification based on your input gain. A beep will sound and a prompt will appear

when all calculations are complete. Press RETURN to continue at the prompt.

.4.5 Results

The first display is a graph of the input and output values over time. The limits

of the plot can be changed by pressing RETURN and answering the prompts. To

continue without adjusting the plots or after viewing adjusted displays, answer n to

the Plot with different limits? prompt.

The next series of prompts asks if you want to view the populations or gain

and energy output. Answer y or n as desired and a table of values will appear for

the user specified time interval. If you are finished, answer n at the Print again?

prompt.

A.6 File Options

If you want to make files of the populations, power output, gain, etc., press y

at the Make data files? prompt. The menu is self-explanatory. You can make as

many files as you wish and exit the file option by answering n at the Make more

data files? prompt.
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A. 7 Next Run Options

The program issues several prompts to prepare for the next experiment. The

first is the Kinetics on (1) or off (0) prompt. If you want the BOLTZ procedure

involved in the next run, answer 1.

I The next prompt asks if you want to calculate new pump rates. If you do not

plan on changing any of the parameters shown in yellow on the input screen, answer

n and you will cut the run time in half for the next run. If you will make a change

in a yellow parameter, you must answer y to achieve accurate output for the next

experiment.

.4.S Conclusion

The model has many features and capabilities. This guide should be used to

walk the user through a few experiments to become familiar with its operation. The

I user should find the model easy to use after a few experiences.

I
I
I
I
I
I
I
I
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