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ABSTRACT 

The objective of this thesis is to describe the 

development, construction and use of a new tool for optical 

coherent transient spectroscopy. The new tool is a frequency

switched C02 laser. A highly stable laser design was modified to 

include an intra cavity electro-optic modulator, which al lows the 

output of the laser to be frequency-switched. The frequency 

modulated output is used in spectroscopic experiments whose goals 

are the determ i nat i on of decay rates for in f rared mo I ecu I ar 

transitions. The use of a frequency-switched laser is the most 

prom i sing means of mak i ng such measurements on nonpo I ar 

molecules. 

The use of an electro-opt i c crysta I ins i de a laser cav i ty 

introduces a number of fundamental problems which must be overcome 

before the instrument can be used to make usef u I spectroscop i c 

measurements. These problems are brought about by the need for a 

stable laser ampl itude and frequency output. The development of a 

nove I stab iii zat ion techn i que to overcome these prob I ems is 

documented in this thesis. Also included in this thesis is a 

description of the microcomputer and associated electronics 

necessary to integrate the laser into an exper i menta I apparatus 

capable of performing signal averaging and background subtraction 

on raw time resolved data. 

x 



xi 

The final chapters of this work describe experiments and 

resu I ts of measurements of the scatter i ng cross sect ions of a 

nonpolar molecule with rare gas perturbers. The nonpolar molecule 

is SF6 and the rare gas co I lis i on partners are He I i um, Argon, and 

Xenon. The results indicate that the scattering cross section for 

state changing col I isions displays a mass dependance predicted by 

classical col I ision theory. However, the measured cross sections 

for e last i c ve I oc i ty-chang i ng co I lis ions appears to be mass 

independent, which is at variance with theory. 



CHAPTER 1 

INTRODUCTION 

Th i s thes i s documents the deve I opment, construct i on and 

use of apparatus for the performance of optical coherent transient 

experiments in nonpolar molecular gases. Opt i ca I coherent 

transient techniques are a form of spectroscopy which makes use of 

cooperat i ve ef fects among the mo I ecu I es under study. These 

cooperative effects are brought about by the interaction of the 

molecules with a laser field. This interaction results in the 

establ ishment of some order from the initial random state. For 

example, all molecules interacting with the field may be initially 

p I aced in the same state. Therefore, as time evo I ves these 

mo I ecu I es wi I I cooperate and prod uce a coherent output. These 

techniques have proven to be a useful addition to the 

spectroscop i st' s bag of tr i cks. Convent i ona I spectroscopy has 

always been concerned with the determination of natural resonant 

frequencies and the widths of spectral I ines. Much effort in the 

past has gone into increasing the resolution 

spectroscopic measurements. But even with the 

lim i t of 

increased 

resolution, one only knew the result of the convolution of various 

broadening mechanisms. Coherent transients are a means of 

isolating decay processes and allowing their measurement. 
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Coherent transient techniques were first found to be 

effective in determining spectroscopic quantities in the realm of 

Nuclear Magnetic Resonance (NMR), Bloch (1946). NMR techniques 

were used to investigate the magnetic properties of the nucleus. 

The experimental techniques were advanced by Torrey (1949) 

(development of transient nutation) and by Hahn (1950) (discovery 

of sp i n echo). Since the i r concept i on the progress of the 

techniques has been governed by the development of coherent field 

generators. The advent of the laser in the 1960' s a I lowed the 

advancement of these techniques to 

infrared) portion of the spectrum. 

the optical (visible and 

Dicke (1954) established a 

theoretical basis by showing the equivalence of the RF magnetic 

dipole and the optical electric dipole. By 1964 the first photon 

echo experiments in sol ids were performed by Kurnit, Abella and 

Hartman n (1964). A paper by Scu I I Y , Stephen, and Burnham (1968) 

cleared the way for photon echo work in gaseous media. This was 

fo I lowed i mmed i ate I y by exper i menta I observat i on by Pate I and 

Slusher (1968). Optical transient nutation in gases was observed 

the same year, by Hocker and Tang (1968). A significant 

advancement in the quant i tat i ve measurement capab iii ty of the 

techniques was made with the introduction of the Stark switching 

technique by Brewer and Shoemaker (1971). This approach makes use 

of the Stark effect in polar molecules to pulse the interaction 

between the molecules and the laser field. This technique was 

used to observe all of the basic NMR effects: optical nutation, 
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photon echoes, and optical free induction decay. The progress in 

the field continued with Brewer and Genack (1976) using a 

f req uency-sw itched dye I aser to observe coherent trans i ents in 

12. Genack, Macfarlane, and Brewer (1976) measured the dephasing 

time of coherently prepared Pr3+ below 4 0 K using the frequency

switched laser. Both the frequency-switching and the stark-

sw itch i ng methods have advantages over ear I i er pu I sed laser 

methods as wi II be seen later in this discussion. Th i s thes i s 

adds to this long I ist of advancements by applying the frequency

switching technique in the infrared. 

Coherent transients are a subset of what is called time

resolved spectroscopy. In time resolved spectroscopy a sample is 

excited by some means and a detector samples absorption or 

emission from the sample during a short period after the 

exc i tat i on. The resu I ts of these exper i ments are essent i a I I Y a 

time history of how the sample decays after excitation. A current 

example of the importance of this information is the work being 

done in laser isotope separat ion. Here a particular isotopic 

compound is selectively excited and, whi Ie in the excited state, 

it either undergoes a chemical reaction or is ionized by 

subseq uent rad i at i on. Know I edge of the I i fet i me of the exc i ted 

state and the mechan isms that I ead to its decay can play an 

important role in the engineering of the process. In the modern 

techn i que of opt i ca I coherent trans i ents the exc i tat i on process 

is the interact i on of the samp lew i th laser rad i at i on. One can 
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imagine using a technique to produce laser I ight in pulses, for 

e x amp I e a Q -. s wit c h e d I a s e r • The s e p u I s e s w i I I ex cit e the sam pie 

wh i I e a detector is tr i ggered to record the light em i tted by the 

sample after the excitation. 

The rema i nder of th i s chapter is an overv i ew of top i cs 

covered in th i s d i ssertat i on. These next sect ions serve as an 

introduction to the specific coherent transient methods employed 

in the experiments. They also include a brief description,of the 

experimental apparatus and results. Before getting to the detai Is 

of coherent trans i ents it may be he I pfu I to first introduce a 

mode I used in descr i bing the samp I e and its interact ion with 

radiation. 

Two Leve I System 

The two-level system is an approximate way of representing 

a molecule under study, see Fig. 1. It can represent the ground 

state, level b, of a molecule and an excited vibrational state, 

level a. The frequency wab represents the energy difference 

between the two states. Light resonant with this frequency can 

cause a molecule to change from the upper to the lower state or 

vice versa. The lower state need not be the ground state, but 

only the lower state of the transition under consideration. The 

two I eve I s of interest are usua I I yin contact with a reservo i r of 

adjacent energy levels. These levels, for example, represent the 

rotational levels associated with a particular vibrational 

transition. The distribution of molecules between the upper and 
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TWO LEVEL SYSTEM 

Ea. ----r--- - - - - - - - .-...... 

~---

---'------- -- - -- ---

0----

Fig. 1. The Two Level System and Decay Parameters 



lower states is given by 

temperature of the sample. 

assumed that these other 

6 

the Soltzman distribution and the 

For this model to be appropriate it is 

I eve I s are never perturbed far from 

thermal equilibrium. On I Y the two I eve I s resonant with the 

app lied fie I dare disturbed from therma I equ iii br i um. Decay 

processes coup I e the two I eve I s of interest to the bath and tend 

to re-establ ish equi I ibrium. Individual molecules can be in the 

lower state, the upper state, or in a mixture of the two cal led a 

dipole or superposition state. The dipole is much like the 

classical Lorentz charge on a spring. In this state the molecule 

has been perturbed from a pure state such that it has an 

osc i I I at i ng charge d i str i but i on. As is known from Maxwe I I' s 

equations oscillating charge distributions radiate 

electromagnetic fields, so this state is known as the radiating 

dipole. Mathematically, or quantum mechanically, this state is 

represented by some comb i nat i on of the upper and lower state 

probabi I ities, i.e. a superposition of states. 

Let's consider decay mechanisms next. The upper and lower 

states can decay through spontaneous emission or col I isions. If 

the lower state is the ground state then obv i ous I Y it doesn't 

decay at a I I. It is trad it i ona I to ca I I the character i st i c decay 

time of these states T1. The dipole decay is a litJle more 

involved. Dipole decay can have both a homogeneous and an 

inhomogeneous part. Experiments do not measure a single dipole, 

rather they monitor the result of many molecules. I n a d i I ute ga 5 
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there are about 10 14 molecules. The resuitant I ight coming from a 

sample is the sum of all of the electric fields produced by the 

d i po I es. Fie I ds add coherent I y lead i ng to interference effects 

and therefore the relative phases of the individual dipoles must 

be taken into account. When a I I of the d i po I es add in phase the 

sample generates a large pulse, because the macroscopic dipole is 

be large. If the individual dipoles get out of phase the signal 

dec rea s e sin s i z e eve nth 0 ugh the i n d i v i d u a I mo lee u I e s are s til I 

radiating. The major contribution to the inhomogeneous dephasing 

process is the velocity distribution of the molecules themselves. 

Because of the Doppler shift, molecules of different velocities 

produce radiation in the lab frame of reference at sl ightly 

different frequencies. Since they are at different frequencies 

they eventua II y get out of phase. Th i sis an inhomogeneous 

process because the frequency sh i ft is different for a I I mo I ecu I es 

of different velocity. This is a deterministic dephasing process 

unl ike call isions which are random. It is deterministic in the 

sense that how much anyone mo I ecu I e gets out of phase with 

another can be calculated by multiplying the time expired from 

when they were in phase by the difference in their velocities and 

the wavenumber of the I ight. The homogeneous decay is due to 

coil isions and radiation damping. Coil isions can force the 

molecule into a pure state, thus destroying the individual 

dipoles. Coil isions can also introduce a phase shift of the 

dipole or change the molecules velocity. Both of these produce a 



dephasing of the macroscopic dipole. 
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The inverse of the d i po I e 

decay rate is defined as T2. This definition is usually made more 

precise by indicating exactly which decay mechanisms are being 

included. 

Coherent Transients 

We are now prepared to discuss in more deta i I the mean i ng 

of coherent transients and how they are used. The term coherent 

refers to the exc i tat i on process and the way that the samp I e 

reacts. The driving field puts the system into an excited state 

coherently, by which is meant that initially all of the 

interacting molecules are in the same state and in phase. Clearly 

us i ng a discharge tube exc i tat i on wi I I not work for coherent 

transient spectroscopy because it excites the molecules randomly. 

For coherent emission, the externally applied field must excite 

a I I of the mo I ecu I es the same way. It was the development of the 

laser that made it possible to do this in the optical portion of 

the spectrum. 

The first transient considered here is nutation. Nutation 

gets its name from the similarities between its mathematical 

description and the description of a spinning top. Indeed, this 

entire subject area can be treated on a mathematical level almost 

identically to the way one treats the mechanics of a spinning top; 

see Bloch (1946), or Allen and Eberly (1975). Physically, 

nutation is the process where a molecule is driven from its lower 

state to its upper state and then back down aga i n ina cyc I i ca I 
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fashion with a resonant external field. If decay processes could 

be el iminated the system would just osci Ilate continuously as long 

as the resonant field was present. But decay mechanisms cause the 

system to settle down to some steady state absorption level. An 

interesting point arises here, if the coherent field is turned on 

for on I y one ha If cyc I e of th is osc i I I at i on the mo I ecu I es are 

driven from the lower state to the upper state. This is a way of 

exciting the molecular system coherently. The molecules are al I 

in the upper stat6. Th i s presents the poss i b iii ty of measur i ng 

its decay rate, a I I that is needed is some way of mon i tor i ng the 

relaxation from the upper state. Such a technique is called two

pulse delayed nutation. The first pulse raises some of the 

population to the upper state. Absorption of the incident light 

reduces the transmitted intensity. If, at some time later, a 

second pulse of I ight probes the excited medium, it too wi II 

experience absorption. But, the amount of absorption wi II be 

reduced since some of the population is sti II in the excited 

state. Repeating this a number of times whi Ie varying the delay 

between the pulses produces a time history of the relaxation back 

to eq u iii br i um. 

With a change in the initial pulse width the system can be 

I eft ina coherent superpos i t i on of states. That is, a phased 

macroscopic dipole is developed. This last point is not obvious 

when deal ing with a gaseous sample since the molecules are moving 

ina random fash ion. Some restr i ct i on s must be p I aced on the 
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observation of the reradiated I ight, namely it should be examined 

in the same direction as that of the exciting pulse. This 

coherent macroscopic dipole radiates a large pulse because it is 

phased. But the Doppler spread in velocities causes the dipoles 

to rap i d I Y get out of phase. Therefore the rerad i ated pu I se 

decays away swiftly. In principle the dipole dephasing rate c081d 

be measured from this decay process, but it would mostly reflect 

the ve I oc i ty spread of the mo I ecu I es and not the co I lis i ona I 

decay. A means to obtain the coil isional decay time is a 

technique called photon echo. This technique is an extension of 

the radio frequency phenomenon called spin echo, Hahn (1950). 

Photon echo is also a two pulse process and uses the delay time 

between the pu I ses as a var i ab I e. The first pu I se creates a 

macroscopic phased dipole in the sample, which quickly dephases 

and dies out. But the Doppler dephasing process is deterministic, 

that is the dipoles are dephasing in an orderly fashion. 

Phys i ca I I Y th i s makes it poss i b I e to invert the dephas i ng process 

by f I i pp i ng the phases of a I I the mo I ecu I es. Th is phase f lip is 

accompl ished by a second pulse of just the right duration. 

E ssent i a I I Y the second pu I se introduces a phase sh i ft wh i ch is 

minus twice the phase the moving molecules have acquired during 

the delay time. So that after another delay period the molecules 

a I I come back into phase and once aga i n em ita coherent pu I se, the 

echo pulse. The decay of the echo pulse contains the information 

on the col I isional process since the velocity dephasing has been 
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cancelled out. The" next section outl ines the method of producing 

the coherent transients. The section fol lowing it gives examples 

of experimental results of both nutation and photon echo. 

The Frequency-Switched Laser 

The techn i que chosen to prod uce the pu I ses of exc i t i ng 

I aser light was a frequency sw itched C02 laser. The reason for 

the C02 laser is easy to expiain. We wanted to study molecular 

transitions and these tend to be in the infrared part of the 

spectrum. But why use frequency switching, why not a Q-switch 

pulsed laser? There are a number of reasons. The pulsed laser 

experiments worked but they had signal-to-noise problems. 

Because of the restriction that the reradiated signal should be 

examined in the same direction as that of the exciting pulse the 

mo I ecu I ar signa lis super imposed on the laser pu I se. The laser 

pulse would saturate the detector and the molecular signal would 

be buried in the noise. Instead of switching the laser on and off 

another approach is to switch the interaction of the I ight and 

mo I ecu I es on and of f. Th i s can be accomp I i shed by either chang i ng 

the laser frequency or the molecular frequency. The later 

technique was tried and worked beautifully. It was pioneered by 

Brewer and Shoemaker (1971). What they did was to sw itch the 

molecules frequency into and out of resonance with a continuous 

laser beam by using Stark switching. Stark switching is a process 

where the resonant frequency of a polar molecule is changed by 

applying a d.c. transverse field. The technique of switching the 
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laser frequency for coherent transient work was developed by 

Brewer and Genack . ( 1976) • They used a frequency-switched dye 

laser for studies in the visible. We have done the first work of 

frequency switching for coherent transients in the infrared. With 

frequency-switching, the laser beam is cw producing just a d.c. 

signal at the detector. If the detector is a.c. coupled the only 

signals present are those due to the molecules. Another important 

advantage is that frequency-switching produces a heterodyne 

signal. This is because the laser frequency is shifted off 

resonance after the exc i tat i on pu I se, wh i I e the mo I ecu I es rad i ate 

at their natural frequency. As an example, consider the laser 

in it i a I I Y 5 Mhz off resonance, and then sw itched into 

resonance,thereby exciting the molecular transition. Then the 

laser is immediately switched back to being 5 Mhz off resonance. 

At the detector there is the molecular field and the laser field 

displaced 5 Mhz in frequency. Since detectors are non I i near 

devices the two fields produce a 5 Mhz beat signal and give an 

ampl ified signal of the molecular radiation. A third advantage is 

that generating frequency switched pulses is much easier and much 

more contro I I ab I ethan generat i ng pu I ses of light. The frequency 

switching is done by an electro-optic modulator which is 

contro I I ed by stra i ghtforward electron i cs, so pu I se I engths and 

timing are easi Iy governed. Finally the frequency switched laser 

has an advantage over the Stark switching approach in that it is 

not I imited to polar molecules that exhibit a first order Stark 

effect. It can be used to study non--polar molecules. 
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Figure 2 shows how the frequency sw itched C02 I aser was 

implemented. A CdTe crystal cut for phase modulntion was located 

inside the laser cavity near the grating end of a tunable C02 

laser. The effect of an electric field appl ied across the crystal 

is to change its index of refraction along the laser axis, thus 

effectively changing the length of the laser and thereby changing 

its frequency. The rise time of the crystal is on the order of 50 

nanoseconds which is long compared to the cavity round trip time 

so 'the change appears adiabatic to the laser. But on the scale of 

molecular decay times, which is microseconds, this is an 

instantaneous frequency switch. The crystal can produce a 1 Mhz 

frequency switch for every 100 volts applied. The frequency 

switching does produce some undesirable results in the output of 

the laser. One is crystal ringing. When a voltage is appl ied 

strains are introduced in the crystal and it undergoes osci Ilation 

about an equi I ibrium position. This produces birefringent 

effects which change the amount of losses in the laser and 

therefore change the laser output power. The modulation in laser 

power that we experience is less than 2% of the laser ampl itude. 

The laser is act i ve I y stab iii zed at the center of the ga i n 

prof i Ie. Th i sis accomp I i shed by mon i tor i ng the I aser power 

immediately after the frequency switch and using a feedback 

circuit to adjust a PZT element on one end of the laser to keep the 

frequency stab I e. Wi th th i s system we are ab I e to ma i nta ina 

f r e que n c y s tab iii t Y to a f r act ion 0 f a Mhz 0 v e r ,s eve r a I h 0 u r s • 
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The rema i nder of the exper imenta I apparatus is shown in 

Fig. 3. The beam from the C02 laser can be sent either through 

the sample cel I to the detector or through a monochromator. The 

monochromator is used to determine which C02 I ine the laser is on, 

a useful thing to know when searching for resonances. A 

microprocessor controls the generation of the high voltage pulses 

on the CdTe modulator. It also gates the Boxcar integrator, which 

is a fast signal collector. Data from the Boxcar is ~;ent to the 

computer memory for storage unti I a complete time history of the 

transient response is built up. Further signal averaging is 

accomp I i shed by add i rig success i ve data runs into the same memory 

locations thus increasing signal and averaging away noise. The 

dig ita I storage of the data a I so a I lows background subtract ion. 

Reca I I that the crysta I ring i ng is a steady background dur i ng an 

exper i ment. If th is background is co I I ected under the same 

conditions as the data the two can be subtracted to further clean 

the signal up. Examples are shown in the next section. 

Experimental Results 

The experimental techniques used are the two pulse delayed 

n utat i on and the photon echo. To date, a I I of the exper i ments 

have used SF6 as the sample gas, although there is work under way 

to do studies in other gases. SF6 is a nonpolar molecule, hence 

the Stark switching technique is not appl icable. It does have 

very strong resonance with the 10.6 mu P branch of C02 which makes 
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it a desirable sample. Another reason for the interest in SF6 is 

its simi larities to UF6 and work on isotope separation. 

Two pulse delayed nutation experiments were performed to 

measure T1. Figure 4 is an example of results of these nutation 

experiments. This figure is actually the result of 20 

experiments, each experiment results in one of the absorption 

peaks. The delay between the initial pulse and the probe pulse is 

increased and the exper i ment repeated. By lin king these together 

the decay of the system back to equ iii br i um can be c I ear I y seen. 

Equi I ibrium is the point where the absorption of the second pulse 

is just as large as that of the first. 

The second experimental technique is photon echo. In Fig. 

5 the two exciting pulses, the associated nutation, and the photon 

echo are shown. There are a number of items to point out in this 

figure, first the echo occurs a I I by i tse I f when there are no 

pulses. Second, the echo is actually a beat signal instead of a 

pulse. This is because the laser frequency has been switched off 

resonance after the pu I ses pass and it and the I aser light and the 

echo signa I beat in the detector. Th i rd, there is an overr i ding 

background which is just the crystal ringing discussed earl ier. 

The figure also shows that the echo occurs a time tau after the 

second pulse passes, which is equal to the time between the first 

and second pu I se. F ina I I Y not i ce that at th i s de I ay the echo 

amplitude is quite large in size. Echoes produced with a shorter 

time delay are larger; those of longer time delay are smaller. 



18 

c· 
c_ 
L 
L ... 

Ul 

C_- of-
c: 
CD 

L- E 
.CD 

L 

c .. _ .. CD 
Cl.. 
X 

LU c: c: 
0 

c- a of-
ro 

C 
Q) of-

en ::l 
z 

to 
a "t:l z ~ CD 

Q w >-

::iE 
ro 

I- CD 

< I- 0 

I- 0 

~ N 

ZCC '+-
I.L. 0 

wr/.) Ul 

5z of-

::l 

~- Ul 

Q. CD 
~ 

0 CD 
.!: 

3: l-

I- ~ . 
01 

LL 

NOIJ.d ~OS8'V _> 



19 

co 

(J) 

E 

LI') I-

>-
((J 

(J) 

'"""' "" 
0 

U (J) 
Q) 
!Il C 

;::l. 0 

'-' +-
t'I'l ((J 

I t.Ll +-
::<: c ..... <lJ 
E- E 

N L 
(J) 
Co 
X 

l.l.J - 0 
..c 
u 

=- l.l.J 

...... 
I 

c 
0 0 

+-
0 
..c 
Q.. 

c:( 

LJ\ 

01 

u.. 



20 

Many echo experiments can be strung together to reveal the 

envelope of the echo decay (Fig. 6). This figure also is a 

demonstration of the background subtraction capabi I ity of the 

computer system. Careful inspection of the decay shows that it is 

not a single exponential. This is a result of velocity changing 

coil isions, which cause an additional dephasing. This is the 

first resolution of velocity changing coil isions in a nonpolar 

molecule. 

In summary, the techniques of coherent trans i ent 

spectroscopy can be used to invest i gate the decay processes of 

molecular gases. The implementation of the frequency switched 

laser as a tool for coherent transient spectroscopy has removed 

the I imitation of investigating only polar molecules. Any 

molecule that has a coincidence frequency with one of the many 

I ines of the C02 laser can be studied. The technique also 

prod uces a much improved signa I to no i se rat i 0 over prev i ous 

pulsed laser experiments. 

The rema i nder of th i s thes i sis a discuss ion in deta i I of 

the out line presented here. Chapter 2 contains an outl ine of a 

theoretical approach used to describe the interaction of I ight and 

matter. The next three chapters are deta i led descr i pt ions of the 

exper imenta I hardware. Chapter 3 covers the frequency switched 

laser and its characteristics. Chapter 4 contains the discussion 

of the electronics designed to run the experiment. Topics in this 

chapter inc I ude the computer contro I led pu I se generator, the 
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I aser stab iii zat i on system and the data co I I ect ion electron i cs. 

Chapter 5 is concerned with the computer hardware and software. 

Computer program list i ngs are inc I uded in append ices A, B, C, and 

D. Chapter 6 beg i ns a two chapter sequence on exper imenta I 

results and data analysis. The results include the resolution of 

ve I oc i ty-chang i ng co I lis ions and the ef fects of rare gas 

perturbers on decay processes. In an effort to assist future 

workers in data co I I ect i on and data ana I ys i s Append i x E conta i ns a 

set of procedures for using the experimental apparatus and 

Appendix F is a I ist of procedures for the data reduction process. 

Finally, Chapter 8 summarizes the results and offers suggestions 

for future investigations. A particularly promising future 

development is the use of an acoustic-optic modulator, external to 

the laser cavity, as an alternate means of performing frequency

switched coherent transients. Some prel iminary work has been done 

on this technique and a description of this work is included in 

Appendix G. 



CHAPTER 2 

THEORETICAL APPROACH 

In this chapter we review the semiclassical treatment of 

the theory of coherent trans i ent spectroscopy. Deta i led resu I ts 

for comparison with experiment are not derived here. These 

resu I ts can be found in the current literature and are used in the 

data analysis of Chapter 6. We begin this discussion by 

cons i der i ng the under I y i ng theoret i ca I assumpt ions. Then the 

technique for describing the polarization of the med.ium is 

covered. The last section develops the wave equations used to tie 

the molecular response to the optical measurements. 

The theory of coherent transient spectroscopy dates back 

to the original NMR work by Bloch (1946). However, the 

introduction of the semiclassical approach to the interaction of 

light and matter in the 1960 I S gave spectroscop i sts an important 

and useful means of making calculations. I n the sem i c I ass i ca I 

approach the descr i pt i on of matter is treated quantum 

mechanically 

classically. 

wh i I e the electromagnet i c fie I dis descr i bed 

This approach was made popular by its successful 

app I i cat i on to the theory of the laser (see Sargent I I I, Scu I I y, 

and Lamb (1974». An authoritative application of the 

semiclassical theory to coherent transients is presented by 

Shoemaker (1978). Results presented here are from that chapter. 

23 
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Underlying Assumptions 

For the description of molecular systems a density matrix 

approach is most appropriate. This is because the exact quantum 

mechanical state of the system is not known. The distribution of 

mo I ecu I es among var i ous states is known and is used to descr i be 

the system as a statistical ensemble. 

The theory must be able to handle decay processes as these 

are the object of the study. A phenomenological approach to these 

interact ions assumes that the mo I ecu I es are i so I ated and non-

interacting. Thus a co I lis i on simp I y removes or i nj ects a 

mo I ecu I e from a given state. In th i s way co I lis i on processes show 

up as decay rates in the governing equations. When deal ing with 

gases at low pressures and resonant fields it is helpful to make 

an impact approximation. This states that coil ision durations are 

short compared to osci I lations of frequencies that show up in the 

theory, such as the detun i ng of the laser f rom the mo I ecu I ar 

transition. Another useful approximation is to neglect active-

active molecule interactions. By this is meant that only 

interactions between an unexcited molecule and an excited 

molecule wi II be considered. Th i s makes the theory tractab I e 

since now populations of a given state only change by one member 

for any interaction. As discussed in the introduction most 

molecules are in the bath of states so this approximation is a 

valid one. Finally, molecular trajectories are described 
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classically avoiding quantum aspects of the coil ision process 

(for example see Berman (1975)). 

Polarization of the Medium 

The start i ng po i nt for the descr i pt i on of the mo I ecu I ar 

response to rad i at i on is the sem i c I ass i ca I Ham i I ton i an of the 

system. This contains terms for the center of mass coordinates of 

the molecules as well as the position of each nucleus <3nd electron 

with respect to that center. The field is described classically 

and a dipole approximation is made. This requires that the field 

be uniform over a molecular diameter, a condidtion easily 

satisfied at a wavelength of 10.6 ~m since molecular diameters 

measure tens of angstroms. I f ,~ represents a I I i nterna I energ i es 

assoc i ated with the mo I ecu I e then the Schrod i nger equat i on of 

motion becomes; 

( 2 • 1 ) 

The wave function can be expanded in terms of eigenfunctions of~ 

, * 
and a density matrix definition Pij = CiCj produces the following 

equation of motion. In this equation 

a phenomenological decay rate y .. 
~J 

( 2 • 2 ) 

has been added to account for 

decay mechanisms. An ensemble average must now be performed to 
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account for the distribution of molecules in space, time, and 

velocity. When this integration is performed the new density 

matrix 

( 2 • 3 ) 

is called the population matrix. This nomenclature is appropriate 

since p .. 
JJ 

now represents the number/cm3 of molecules that have 

velocity v which arrive at z at time t in state alpha regardless 

of their initial condition. Suprisingly the population matrix 

satisfies a nearly identical equation of motion, 

P. 'y(m.J - Y .. P •. 
1m J 1J 1J 

( 2 .4) 

where Hi n is the tota I Ham i I ton ian given by 

.Y(, 
1m 

-+ -+ 
= <1jJ.I~ - eE·rlW > 

1 m 
( 2 • 5 ) 

The electric field is assumed to be a I inearly polarized plane 

wave, 

-+ 1\ 
E = xEo(z,t) cos(Qt - kz). ( 2 . 6 ) 

A Gal i lean transformation is performed to go over to the molecular 
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coord i nate frame from the I ab frame. Th is transformat ion is 

covariant with respect to the optical phase front leading to the 

following relations, 

, , 
z =z-v t n=n-kv z ~ z 

, 
k = k 

, 
t=t ( 2.7) 

We now I imit the extent of the theory to only two resonant 

levels. Th i sis the two I eve I system discussed in the 

introduction. The levels that interact with the field are 

descr i bed in deta i I wh i I e the rema i n i ng I eve I s are grouped in the 

decay parameters. A number of definitions are made to simpl ify 

the equations, 

w = (E - E )/ o (l 13 1'1 
( 2 .8) 

The subscr i pt a I pha refers to the exc i ted state, wh i I e beta refers 

to the lower state. ~al3 is the dipole transition matrix element 

between the two levels of interest. The equations of motion for 

the matr i x elements are best wr i tten after mak i ng the rotat i ng 

wave approximation. Th is removes a I I terms that conta ina non-' 

resonant denom i nator, since they are van i sh i ng I y sma I I compared 
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to resonant denominator terms. Also the off-diagonal density 

matrix elements are transformed to a rotating frame to absorb a 

number of exponential terms, yielding 

( 2 • 9 ) 

The macroscopic dipole moment per unit volume contains an 

average over the ensemble of molecules and an integration over 

molecular velocities, 

- [~ -iCn't-kz')] 
!Jap = < !Jete> = J.I 2 Re Pa~ e 

(2.10) 

For this work a Maxwel I ian distribution is assumed, such that the 

population is described by 

( 2 • 1 1 ) 
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where u is the average velocity given by 

u = ~ 2 ka T / m (2. 12) 

The expression for the polarization can be used in a set of 

field equations to determine the results of measurements. These 

equations are developed in the following section. 

Field Equations 

Maxwel I 's equations void of free charges and currents are 

the starting point of this section: 

+ -+- -+ -+ -+-
'V lC ~ .. = - a B 'V B = 0 I 

at 
-+ 

+ -+- .~ ~ aD 'V • D = 0 'V )( H = (2.13) 
a't 

Included with these are the constitutive relations, 

-+- -;. 

D = <'08 

-+- ~ 

B = IJoH ( 2 • 1 4 ) 

A wave equation is formed by the usual process, 

(2.15) 

which has the interpretation that the electric field is driven by 
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the po I ar i zat i on wh i ch in turn is i nd uced through the med i um by 

the incident field. For di lute systems, such as we deal with, the 

-+ 
incident electric field, Eo ' can be assumed to be unaltered by 

the molecular presence. 
) 

It only serves to generate the molecular 

-+ 
polarization, P > 

-+ 
wh i ch gives rise to a rerad i ated fie I d, fff • 

-+ -+ 
The proced ure for ana I ys i s then is to ca I cu I ate P us i ng Eo, then 

-+ -+ -+-+ 
find fff from P. Both fff and P are assumed to be plane waves and 

are expanded in terms of in and out of phase components with the 

incident field, Eo, 

-+ 
P = ~ [ p .. C()S ~ 

'-
+ P sin J' .. ] S ,., 

~=(Q't-kz') (2.16) 

Embodied in this assumption is the lack of any optical activity in 

the sample. Using these expressions leads to two wave equations, 

'l 

1 a ~ _ 2 k ( a #::; + 1. a ~s ) 
C~ ;-;,C 

a "'- a z cat 

(2.17) 

with the second equat ion hav i ng the in-phase and out of phase 

subscripts interchanged. 

A number of the derivatives can be el iminated by making the 

slowly varying envelope approximation. This allows us to neglect 
-+ -+ 

second der i vat i ves of fff, and a I I der i vat i ves of P. Th is is 
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possible because they are I ikely to be slowly varying in time with 

respect to the optical frequency and in space with respect to the 

wavelength of the light. The red uced equations are 

a~c 1.. a ~c -n Ps + = Y2 e: c ;. 

a z c at o· 

a~s 1.. ~~s n P (2.18) + = :12 e: c c az 'c at 0 

These can be solved for the reradiated field at z=L, the end of 

the sample, by transforming to a retarded time, tr = t - ~/c. Let 

equal the time it takes I ight to get from location z to the end of 

the samp I e, then LI = t1 + (L-z)/c, where t1 is the time light 

enters the sample, then the solutions become, 

= - r2 L/ Ps (t - L1 ) 
2 e:o c 

( 2 • 19) 

The total electric field is the sum of the incident field 

plus the reradiated field 

+ ~s sin ~y (2.20) 

The intensity of the total field contains cross terms between the 

incident and reradiated field. These terms produce the beat 
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frequencies in our experiments. If the reradiated field is weak, 

products of those fields can be ignored leading to an intensity 

given by 

I = = (2-21) 

This is the signal measured by the detector. Note that it 

only depends on the in-phase component of the reradiated field. 

It is this component that produces absorption effects, any index 

effects are brought about by the out of phase component of 

Th is conc I udes the out line of the theoret i ca I approach. 

The equations for the polarization of the medium have been left 

unsolved, however methods of solution under a number of conditions 

can be found in the literature; see for examp I e Shoemaker (1978) 

and Allen and Eberly (1975). 



CHAPTER 3 

THE FREQUENCY-SWITCHED LASER 

The cornerstone of the experimental apparatus is the 

frequency-sw itched laser. The major components of the laser are 

the laser cavity, the laser tube, and the electro-optic crystal. 

The fo I low i ng sect ions descr i be these in deta i I and discuss the 

a Ii gnment procedure and I aser character i st i cs. 

The Laser Cav i "ty 

The CO
2 

laser cavity is based on a design by Freed (1968). 

Initially it used a sol id copper 2 meter mirror at one end and a 

so lid brass go I d coated 80 I/mm grat i ng at the other end. However 

the design was modified to replace the sol id copper mirror with a 

95% reflective 2m ZnSe mirror. The laser's length is 149 cm. The 

ZnSe mirror is attached to acyl indrical stack PZT element. The 

PZT is used in a stabi I ization system which adjusts the length of 

the laser to stabi I ize its frequency. The grating is arranged in 

aLi ttrow type mount such that the blazed first order of the 

grat i ng is ref I ected back on i tse If. The I aser frequency can be 

tuned by rotat i ng the grat i ng with an externa I micrometer. The 

grat i ng a I so produces a zero order (specu I ar) ref I ect i on spot 

wh i ch is used as a I aser output. A 2 mirror arrangement is 

attached to the grating so the output beam does not deviate as the 

grat i ng is rotated. Both the grat i ng and mirror are mounted in 

33 
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sta i n less stee I assemb lies wh i ch are he I din p I ace by two 20cm 

square by 4cm thick granite blocks. In turn these granite blocks 

are held at a fixed separation distance by four INVAR rods. The 

rods are wrapped in layers of temperature and magnetic shielding 

so as to maintain laser stabi I ity. 

The Laser Tube 

The laser medium is contained in a glass tube with an 

externa I jacket for water coo ling. It can be operated in a mode 

in wh i ch the g I ass tube is attached direct I y to the assemb lies in 

the granite blocks through a set of metal bellows. In th i s 

configuration the laser is completely enclosed and evacuated, 

inc I ud i ng the PZT and grat i ng assemb lies. However this 

arrangement did not a I low for an i ntra-cav i ty mod u I ator, so 

instead it was operated with a separate short I aser tube. Th i s 

tube has a set of salt (NaCI) brewster windows and an overall 

length of 1015 mm. The tube is evacuated and then fi lied with 12 

torr of a CO 2 mixture conta i n i ng 17% CO
2

, 17% Nitrogen, 2% 

Hyd rogen, 4% Xenon and the ba I ance He I i um. The tube is mounted on 

an optical rail inside the laser cavity and is positioned for 

maximum output power and good mode. Three electrodes are fused to 

the glass cel I; the cathode at the center and 2 anodes at either 

end. The anodes are 1 cm titanium nickel cyl inders whi Ie the 

cathode is a 6 cm cy Ii ndr i ca I cup of the same mater i a I. The 

vo I tage for the discharge is supp lied by two Northeast Sc i ent if i c 

model RQE-5006 regulated high voltage power supplies. A typical 
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arrangement has 8000 vo I ts across the anode and cathode. The 

anodes are connected to the power supply through 220 k-ohm 

res i stors to stab iii ze the discharge. 

The Crysta I 

The crysta lis a Cadm i um Te I I ur i de element rectangu I ar 

para I I e I ep i ped of 5mm X 5mm X 50mm. It was purchased from I I-VI 

incorporated, with AR coatings on both end faces. Kovar 

electrodes are contacted to two sides of the crystal, the 

rema i n i ng two sides are in contact with BeO spacers with ho I es 

dri lied through them for cool ing. Temperature stab iii ty is 

ma i nta i ned by a ch i I I ed water supp I y wh i ch is pressure regu I ated 

to maintain a constant flow through the BeO elements, see Fig. 7. 

The crysta lis cut for phase mod u I at i on. Th i s means that when a 

vo I tage is app lied across the crysta I the index of ref ract i on 

a long the crysta I ax i sis changed. Since the crystal is inside 

the laser, th is changes the opt i ca I path I ength of the I aser and 

thus its frequency. We examine this point more closely. From 

electro-optic theory, for example Anfi, Goldstein, and Machewlrth 

( 1977), if gamma is the i lid uced phase retard at i on for a sing Ie 

pass through the crystal then 

r = 2 1T 1 n~ r41 V / A d ( 3 • 1 ) 

where I and d are the length and thickness of the crystal, ~I is 

the electro-optic figure of merit given to be 10.0 x 10- 11 m/v at 
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10.6um, V is the applied voltage, and lambda is the optical 

wavelength. The laser frequency is given by 

v = m c/ 
2 L 

( 3 .2 ) 

where m is the cav i ty order n umber and Lis the opt i ca I length. 

The frequency change/length is 

dv mc 
cfi = - 2 e = L» dl dv = - c 6L 

>'L 

and the change in opt i ca I I ength of the crysta lis given by 

D. L = r >. 

27T 

; <3.3) 

( 3 • 4 ) 

For internal frequency modulation the frequency change due to an 

appl ied voltage is 

D.v 3 
a no r 41 1 V /2 \ L d =.98 Mhz/ x V 

1\ lOOvolts 
( 3 • 5 ) 

Thus a 5 to 10 Mhz frequency switch requires a high 

voltage source of 5 to 10 Kv. 

The crysta lis mounted so as to have five degrees of 

freedom available for adjustment. It is placed in the laser 

cavity near the grating end. Since the grating appears as a flat 

mirror in its first order reflection, the laser beam is narrowest 
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at this end of the cavity. The crysta I aperture must be larger 

than the beam size so as to keep diffraction losses to a minimum. 

With the grating acting as a mirror the laser cavity is 

essent i a I I Y a symmetr i ca I fo I ded resonator. From Siegman (1971) 

the minimum spot size at the grating can be calculated 

R-t) = 1.8 mm (3.6) 

I n order to prevent overf i I ling the crysta I face a 4 mm diameter 

aperture is placed on the grating end of the crystal mount. This 

calculation also serves to set an aperture size which should be 

inserted at the output mirror end of the laser. Th is is set 

typically at a diameter equal to 3 times the spot radius, which 

passes 99 percent of the gaussian beam power and produce a TEMOO 

mode,(see Siegman (1971 ». 

A I i gnment .Qi The Laser 

The al ignment setup is shown in Fig. 8. A HeNe I a ser is 

adjusted to reflect back on itself from the mirror combination M1 

and M2. A pel I icle beam spl itter (PB) is inserted in the CO
2 

laser cav i ty, part of the HeNe beam is ref I ected towards LM1, 

whi Ie the beam reflected from M2 is sent towards the grating. 

Th i s comb i nat i on of beams estab I i shes the opt i ca I ax i s for the 

laser. The CO
2 

laser mirror and grating are then adjusted until 

these reflected beams overlap. The grat i ng is rotated thru its 
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ent i re range to make sure that a I I ref I ected orders are a I i gned. 

At th is po i nt the I as i ng med i um in the g I ass ce I I can be p I aced in 

the laser cav i ty and the laser shou I d operate. To operate the 

laser with the crysta I ins i de the cav i ty an add it i ona I a I i gnment 

procedure must be followed. The two ends of the crysta I are 

wedged to prevent ref I ect i on from the crysta I surfaces from re-

entering the laser cavity, see Fig. 9 A). Two Davidson 

autoco I I i mators were used to determ i ne the wedge ang I e for each 

side of the crysta I and a I so to ca librate the crysta I mount 

assembly. Once these were determ i ned and the crysta I p I aced in 

the cavity it was necessary to position it to a particular angle 

since the wedged ends introduced a deviation in the laser axis, 

such as shown in Fig. 9 B). The HeNe laser is reflected off of the 

end of the crystal to determine the angular position of the 

crysta I. The crysta I mount is then adj usted unt i I the crysta lis 

at the proper angu I ar pos it i on and the I aser started. This 
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techn i que a I ways worked we I I enough to get the I aser started; 

however add it i ona I adj ustments were then necessary to opt i m i ze 

power and mode qua I ity. 

The Laser Characteristics 

With the laser operating with the intra-cavity crystal our 

concern turned towards the qual ity of the output beam. Spatially 

a single-mode TEMOO beam is desired to assure uniform irradiation 

over the centra I reg i on of the mo I ecu I ar samp Ie. With proper 

a Ii gnment of the laser th i s cou I d be ach i eved. Beam quality was 

determ i ned by observ i ng the burn pattern the I aser produced on 

thermofax paper. A I ternat i ve I y a pyroe I ectr i c detector with a 

pinhole aperture was used to scan the beam profi Ie, to determine 

if the beam was indeed gaussian. It was also important that the 

laser should switch frequency without ampl itude modulation of the 

output. To determine the extent of this several experiments were 

tried. The first was to determ i ne if in fact the I aser was 

frequency switching the proper amount. This was done by mixing 

the output of two lasers. The 2nd I aser was of a s im i I ar des i gn 

without the i nterna I crysta I. I t was act i ve I y stab iii zed by 

monitoring the cathode to anode current and adjusting the laser 

frequency (i .e. I aser I ength) by means of a PZT (Thomason and 

E Ibers (1975». The PZT is adjusted to maintain the laser at the 

peak of the gain curve. The beams from both C02 lasers were mixed 

in a HgCdTe detector to observe the beat frequency between them. 

By tun i ng both I asers to the same I as i ng line, beats cou I d be 
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High voltage pulses were appl ied to the CdTe crystal 

from a Velonex Model 350 High power pulse generator, plug in model 

350-12. The results of this experiment are shown in Fig. 10. The 

frequency switched per 100 volts appl ied is approximately lMhz. 

Note that the amp I i tude of the sw itched f req uency reg ion is 

greatly different from the unswitched region. This is due to the 

res pons i v i ty of the detector. I ts amp I if i er has a bandw i dth of 20 

Mhz1 if the beat frequency exceeds this value the ampl itude of the 

output signa I wi I I be decrease. 

In order to determine how much the laser ampl itude 

actually varies during switching a second test was performed. The 

output of only the frequency-switched laser was sent to the HgCdTe 

detector. Fig. 11 is an osc i I loscope trace of the output of the 

detector. The upper trace shows the appl ied voltage pulse. The 

pulse ampl itude is 100 volts. The time scale of the figure is 5 

usec/div. The ampl itude scale for the lower trace is 5 mv/div. 

There are several interesting characteristics present here. 

First, as the pulse is appl ied there is a large excursion of laser 

power, and there is another large excursion at pulse termination. 

These laser power fluctuations at the pulse edge are due to the 

change of mode pos i t i on under the ga i n prof i I e. The deta i I s of 

their explanation is covered in the following section. Following 

the pu I se there is a ser i es of power excurs ions that eventua I I Y 

damp out. Th i sis crysta I ring i ng. When the vo I tage is app lied, 

the crysta I I att i ce structure is contorted so as to prod uce the 
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requ ired index change. When the vo I tage is removed, the crysta I 

relaxes back to its normal state. During this relaxation period 

it osci Ilates about the unperturbed state. These osci Ilations can 

prod uce b i ref r i ngence ef fects wh i ch in turn change the 

po I ar i zat i on propert i es of the crysta I. Since the I aser has 

internal Brewster windows, any change in the polarization of the 

I ight causes additional losses and decreases laser output. In 

order to reduce these osc i I I at ions Ap i ezon T grease was app lied 

between the crystal and the BeO heat sinks. It is bel ieved that 

the grease he I ps damp out the osc i I I at ions as s i mil ar exper i ments 

without the grease prod uced larger osc i I I at ions. 

The ampl itude of the power fluctuations at the pulse edge 

are greatly dependent on the crystal al ignment. By proper 

a Ii gnment these power f I uctuat ions cou I d be reduced to a 

negl igible size. However, the crystal ringing remained constant 

in amp I i tude and pos i t i on. Thus, its amp I i tude represents the 

I imit of laser intensity stabi I ity. In an effort to establ ish the 

severity of this problem the peak to peak excursion of laser 

i ntens i ty due to the ring i ng was compared to a 100% mod u I ated 

signal. The 100% modulated signal was produced by using an 

acousto-opt i c mod u I ator to chop the beam to the detector. The 

same frequency and duty cycle were used for both the beam chopping 

and the frequency switch. Therefore, the detector responsivity 

would be the same for both measurements, and the results could be 

directly ratioed. By th i s method it was found that the peak to 
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peak intensity variation due to crystal ringing is less than 2% of 

a 100% modulation signal. 

The a I i gned laser with the i nterna I cav i ty mod u I ator 

produces 500 mwatts of output at the ZnSe mirror. In addition, 

specular output from the grating is on the order of 20 mwatts. 

These are peak power measurements for the C02 lines with the 

highest gain. This frequency-switched laser produces an output on 

30 to 40 lines spread throughout the 4 branches of C02. 

Freg uency Sw iTch i ng A Homogeneous Laser 

As mentioned above the size of the "edge" fluctuations are 

dependent on I aser a Ii gnment. More spec i fica I I y, they were found 

to depend on the laser's I ength or frequency. The discovery of 

th i s dependence I ed to an understand i ng of the i r source and 

eventually to a unique stabi I ization technique for the laser. The 

method of stabi I ization is discussed in Chapter 3, this section is 

concerned with the source of the "edge" fluctuations. 

The C02 laser operates at a pressure of 12 torr. At this 

pressure the gas is homogenously broadened, so that when a 

population inversion is developed in the medium, the entire 

popu I at ion contr i butes to the I as i ng line. As a result, the 

entire population can be saturated down to a level where the laser 

gain is equal to the laser losses. To c I ar i fy th i s statement 

consider Fig. 12. curve A), which represents the laser gain as a 

function of froquency. The gain has a width about the I ine center 

frequency of the molecules due to pressure broadening. In curve A 
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the so lid line represents the ga i n pr i or to sw itch i ng the lasers 

frequency. Here the lasing frequency is displaced from line 

center due to the cavity mode frequency. Also note that the gain 

at the lasing frequency is equal to the losses. This makes 

log i ca I sense because if the ga in were I ess than the losses the 

system would quickly cease to lase. On the other hand, if the 

ga i'n exceeded the losses the energy stored in the cav i ty wou I d 

continue to bui Id up and the system would not be in a steady 

state. In this example it is assumed that the losses are 

independent of frequency. Next consider what happens if the 

laser's frequency is suddenly changed. In Fig. 12, the dashed 

curve represents the resultant gain if the laser had been switched 

towards I ine center by an amount wsw. The entire gain profi Ie has 

to drop so that the ga i n equa I s the losses at the new laser 

frequency. This saturation process contributes to an increase in 

the laser output. As a final example, curve B in Fig. 12 shows 

the case when the laser frequency is switched away from line 

center by the same amount. In th i s case the losses at the new 

frequency exceed the existing gain at the original frequency. 

Therefore, when the I aser frequency is sw itched, the I aser power 

drops unt i I the pump i ng mechan i sm can br i ng the ga i n up to the 

required level. 

Th is is exact I y the phenomena observed in the frequency 

switched laser. In Fig. 13, trace A is the electrical pulse 

app lied to the CdTe crysta lin the laser cav i ty wh i ch produces the 
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frequency switch. 

HgCdTe detector. 

in this picture. 
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Trace B is the laser output as monitored by the 

Both cases discussed above can be clearly seen 

The flat region of the signal prior to the pulse 

represents the d.c. output of the detector which is a measure of 

the steady state cw power from the laser. The laser output shows 

an increase of i ntens i ty at one edge of the app lied pu I se and a 

sharp decrease in the output power at the other end of the pulse 

Further the size of the "edge" fluctuation changes both with the 

location in the gain profi Ie and the amount of the frequency 

switch. This is because the slope of the gain curve increases as 

you depart from line center, so the same amount of frequency 

switching wi II produce a greater differential in the amount of 

energy lost or gained. Curves C and D in Fig. 13 show the result of 

vary i ng the pos it i on on the ga i n prof i I e where the sw itch i ng 

occurs, but keeping the amount of the frequency switch constant. 

For curve C the frequency sw itch is symmetr i c about line center, 

so there is no change in the gain profi Ie level. Whi Ie, for curve 

D, the switching 

prof i I e as that 

inverted. 

position 

for curve 

is on the opposite side of the gain 

A, so the switching transient is 



CHAPTER 4 

THE E LE CTRON I CS 

The electronics apparatus is divided into three major 

categories: I aser stab iii zat ion, pu I se generat i on and data 

collection. Before covering these areas in detai I, let's consider 

the needs of the whole experiment. The expected outcome of a 

measurement is the time history of decay processes of molecules. 

When dea ling with gasses and co I lis i ona I processes an important 

independent variable is the pressure. Therefore experiments were 

performed over a range of gas pressures in the samp I e ce I I. 

Natura I I Y as the pressure is decreased the number of gas mo I ecu I es 

contributing to the signal decreases and so the signal diminishes. 

Thus it is necessary to perform some signal averaging as 

individual signals are I ikely to be very weak. These two 

req u i rements, time history and signa I averag i ng, imp I y the need 

for a boxcar averager. 

The Boxcar 

The PAR Mode I 162 boxcar averager is we I I equ i pped for 

hand ling both of these prob I ems. It is an inherent signal 

averager in that it contains a capacitor which charges up with the 

input signal. As signal is added the charge on the capacitor 

increases. At some point the charge on the capacitor is read out, 
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discharged and the process started aga in. 
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Many signals can be 

summed to produce a large result. It also measures time histories 

because it has a gated window. This means that the signal that is 

stored on the capacitor is only that signal which is present when 

a narrow window in time is open. Dur i ng the rema i nder of the 

process the window is closed, so only one point in time is read 

for each experiment. Therefore the experiment must be done many 

times. For each exper i ment one po i nt in time is averaged and 

co I I ected, then the process is repeated for the next po i nt in 

time. The location of the window, relative to a trigger pulse, is 

set by the value of a voltage appl ied to a boxcar external input. 

Consider the case when the input signal is just a d.c. 

level, and the window is open for 1 usec at a point in time 10 usec 

after a trigger pulse. For a tr i gger pu I se occur i ng every 20 

usec, the charge sto;'ed on the capac i tor appears as shown in Fig. 

14. Note that the charge bu i I d up is proport i ona I on I y to the 

signal present during the window. If the input signal is 

initiated by the trigger pulse the window would measure the signal 

always at the same point in time. By reading out the Boxcar just 

before the delay is increased an averaged time history of the 

signa lis co I I ected. Therefore the exper i ment shou I d be organ i zed 

as follows. First a trigger pulse synchronizes the equipment, and 

then two exper i menta I pu I ses prod uce the two pu I se echo or two 

pulse nutation signals. A vo I tage is app lied to the boxcar 

external gate input to set the window position in time, and this 
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window pos i t ion is he I d wh i I e the boxcar averages the signa I from 

a single time point. Then the boxcar signal is read out and the 

gate voltage increased to collect the next point in time. This 

process is repeated many times averaging over many experiments to 

cover a complete time history. The generation of the pulses is 

contro I I ed by a separate pu I ser box in conj unct ion with a 

microcomputer. A I I the wh i I e the exper i ment is be i ng per formed 

the laser must be held stable in frequency and output ampl itude. 

The period of time involved can be as much as 6 to 8 hours because 

a comp I ete exper i ment cons i sts of gather i ng data for the decay 

process over a range of 10 to 20 different pressures. In order to 

hold the laser stable over this period of time a stabi I ization 

system is needed. The following sections describe in detai I the 

systems for pulse generation, laser stabilization and data 

co I I ect ion. 

The Pu I se Generator 

The pu I se generator produces three outputs, a computer 

sync pulse, a trigger pulse, and the experimental pulses. It is 

ab I e to automat i ca I I Y change the de I ay between the first and 

second experimental pulses in the process of doing the experiment. 

The maximum separation between pulse #1 and pulse #2 is roughly 10 

microseconds. The spacing between sets of pulses (i.e., 

experiments) should be long enough so that relaxation mechanisms 

can return the molecular system to thermal equi I ibrium. For 

rotational transitions in molecules 50 microseconds should be 
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ample. The experiments need to be done in groups since some time 

is needed to discharge the boxcar capacitor, which is done between 

experimental groups. Each group contains 12 sets of pulses. Each 

group of experiments is repeated at a rate of 1 Khz. The outputs 

of the pulser box are shown in Fig. 15. Output #1 is monitored by 

the computer program through a para I I e I port and is used to 

sychron i ze the program to the pu I ser box. Output #2 is the 

tr i gger pu I se for the Boxcar and mon i tor i ng osc i I I i scopes. The 

trigger pulse occurs 850 nanoseconds prior to the experimental 

pu I ses to a I low the Boxcar time to arm. Output #3 conta i ns the 

transient producing pulses. These experimental pulses are 

amp Ii f i ed by a Ve lonex high vo I tage source and then app lied to the 

crystal. A block diagram of the pulse generator circuit, designed 

to satisfy these requirements, is shown in Fig. 16. 

The timing heart of the circuit consists of two clocks: one 

is a 20 Mhz crysta I and the other is a 20 Khz synchronous 

osci Ilator. The 20 Mhz clock signal is sent through a divide by 2 

circuit so either a 10 or 20 Mhz basis could be used. The two 

clocks are brought into phase by us i ng a 7474 f lip flop, so that 

the rising edge of the 20 Khz clock occurs only in conjunction 

with the rising edge of the fast clock. The true frequency of the 

slow clock is set by changing the width of the one-shot 74121. 

The slow clock is used as the sync pulse, and is buffered through 

a 74140 I ine driver to external devices. The fast clock is used 

to set the spacing between the first and second data pulses. This 
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is accomp I i shed by us i ng two 74193 presettab I e down counters. An 

8 bit value corresponding to the pulse separation is placed into 

the counters either I oca I I Y through a set of sw itches or 

externa I I Y through an output port of ami croprocessor. The 20 Mhz 

clock counts down this value to zero, at which time a borrow pulse 

is sent out from the low byte counter which triggers a one-shot. 

Th is one-shot sets the width of the second pu I se. Pu I se # 1 is 

initiated by a constant delay from the sync pulse and another one

shot is used to set its width. The two data pu I ses are then 

combined in a I ine driver and sent out to external devices. The 

20 Khz signal is further divided down to 1 Khz, and an additional 

one-shot sets the period of time during each 1 Khz cycle that 

experimental pulses can be generated. This controls the number of 

experiments per group. The 1 Khz signal is also used to inform 

the computer that a new set of pulses is beginning. 

The Stabi I ization System 

As discussed ear I i er the I aser output exh i bits amp I i tude 

fluctuations whenever the crystal is pulsed. These fluctuations 

cons i st of two types, one due to the crysta I ring i ng, the other 

occur i ng on I y at the edge of a pu I se app lied to the crysta I. The 

source of these "edge" f I uctuat ions was discussed in Chapter 3. 

In that discussion it was shown that the amplitude of the 

transient is directly related to the position of the mode under 

the gain profi Ie. So that if the frequency switching takes place 

about the center of the ga in prof i I e the "edge" trans i ent is 
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el iminated (for example, see curve C Fig. 13). The stabi I ization 

scheme makes use of this property by adjusting the laser's length 

to hold fixed the ampl itude of the !!edge!! transient. 

Figure 17 is a diagram of the laser stabi I ization system. 

The grat i ng output of the laser is used here since it has the 

I esser power of the two outputs. The output is detected by a 

gold-doped Germanium photoconductor, cooled to I i qui d 

temperatures. Th iss i gna lis sent though a low pass f i I ter to 

el iminate any rapid changes of output due to noise. Then a PAR 

Mode I 164 gated integrator in the PAR 162 Boxcar Averager co I I ects 

the signal. The 10 nanosecond window is placed to coincide with 

the part of the fluctuation which is most sensitive to changes in 

laser frequency. The boxcar is triggered by the pulse generator 

sync pu I se so the window is at the same pos i t i on for every 

experiment. The window is positioned in the disturbance produced 

by the first exper i menta I pu I se since th is pu I se is not moved 

during an experimental run. Modifications were made to the Boxcar 

mainframe so the channel used for the stabilization system could 

be cleared independently of the channel used for data taking. The 

out put 0 f t his c han n e I 0 f the Bo x car i sad. c • v 0 I tag e w h i c h 

represents the height of the !!edge!! transient. If its ampitude 

increases or decreases ins i ze, wh i ch i nd i cates a change of the 

I'aser frequency, the output of the Boxcar increases or decreases. 

This channel of the Boxcar is cleared and monitored by a separate 

stabi I ization circuit shown in Fig. 18. A 100 Hz clock generates 
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a clear signal for the Boxcar and a logic signal for the sample 

and hold. The output of the sample and hold is added to a bias 

voltage allowing the system to stabi I ize the laser at any point in 

the gain profi Ie. The signal then goes into a gain stage followed 

by an inverter, which is optional depending on the polarity of the 

lock signal. This is followed by an op-amp integrator with a 

variable time constant of 10 to 100 msec. The output of the 

integrator is the cumulative correction voltage, which is divided 

down and buffered to drive the .base of a ECG 238 high voltage 

transistor. A d.c. voltage of 1000 volts is appl ied to the 

emitter by a Fluke Model 415B high voltage power supply. The 

voltage appl ied to the base of the transistor controls the high 

vo I tage output, wh i ch goes to the PZT· element on the laser. The 

PZT element closes the feedback loop by varying the length of the 

laser cav i ty. Thus if the size of the "edge" trans i ent shou I d 

change due to drift of the laser frequency a correction voltage is 

appl ied to the PZT which adjusts the laser frequency and the 

transient size back to their original values. 

The lock system 

within one megaherz. 

variation in the signal 

keeps 

This 

the laser f req uency constant to 

was establ ished by examining the 

from the detector, wh i I e the laser is 

locked, and compar i ng th i s to a known d i sp I acement of the PZT 

element per appl ied voltage. The system holds stabi I ization for 

periods of 6 to 8 hrs, a typical experimental period. It is 

I imited by the range of the PZT motion and loss of lock is usually 
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brought about because the laser drift exceeds this limit. The 

laser dr i ft is caused by changes ina i r temperature and water 

temperature used in coo ling the crysta I. Our system uses pressure 

regu I ated laboratory ch i I I ed water for th i s purpose and as such it 

is susceptible to long term changes of this nature. 

Data Co I I eet i on 

The Boxcar is used to signa I average the data from the 

HgCdTe and the Au:Ge detectors. One of the two channels in the 

Boxcar is contro I I ed by the I aser stab iii zat ion c i rcu it and is 

operated at a fixed delay from the sync pulse. The other channel 

is contro I I ed by ami crocomputer. 

time the Boxcar must integrate the 

and then reset before it is moved 

Reca I I that at each po i nt. in 

i ncom i ng signa I, be read out 

to the next point. The two 

inputs on the Boxcar that control these functions are the external 

gate and the external clear. The external voltage is generated by 

a D-A convertor in the microcomputer. The c I ear signa lis 

produced from a single bit of an output port of the computer. 

Both signals are generated by an assembly language program which 

is discussed in the section covering software in Chapter 5. Data 

collection begins with a voltage being appl ied to the external 

gate input, which sets the delay time from the trigger (sync) 

pulse to the window. This voltage is held for a length of time to 

integrate the signal from the detector. Once the integration is 

completed the computer activates an AID converter to digitize the 

Boxcar output and stores this value in memory. Then it sends out 
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a c I ear pu I se wh i ch resets the i ntegrat i ng capac i tor in the 

Boxcar. Next the voltage is stepped up on the gate input to move 

the window to the next point in time and the integration process 

beg i ns a I lover aga in. Reca I I f rom a prev i ous sect i on that 

experiments are performed in groups of 

given a clear signal it takes about 

12. When the Boxcar is 

.1 msec to discharge the 

integrator. If the timing is correct this discharge process takes 

place during the period of the Khz cycle that is void of 

exper i menta I pu I ses. For this reason the period of integration 

~ust encompass an integer number of groups of experiments, thus 

ensuring that the same number of experiments are integrated for 

each de I ay time of the window. A time trace of the var i ous 

signals is shown in Fig. 19. Trace A is the 1 Khz signal which 

controls the length of time that experiments are performed. Trace 

B is the trigger pulse from which al I times are synchronized for 

each exper i ment. Trace C shows the exper i menta I pu I ses. The 

first pulse is a fixed delay from the trigger pulse and pulse 2 is 

delayed over the required range of time. Trace 0 is a voltage 

level that sets the location of the Boxcar window relative to the 

trigger pulse. Note that the window is to be stepped after the 

set of pulses displayed in the figure. Trace E shows the clear 

pulse to the Boxcar. It occurs during the period of time when no 

experiments are being performed. Trace F is the Boxcar output. 

The signal is integrated only during the time that the window is 

open. After the clear pulse, the capacitor is discharged and the 
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F) Boxcar Output II~ 

AID Conversion Interval 

Fig. 19. The Signal used in Data Collection 
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signal decays away. Thus when the next set of experiments comes 

a long the .va I ue of charge on the capac i tor is zero. A I so 

indicated in the figure is the period of time that the AID is 

active converting the Boxcar signal to digital data. For longer 

periods of integration the integration time must be doubled, 

tripled, etc. in such a way that the integration period always 

includes an integer number of sets of experiments. 

The process of actua I I Y runn i ng the exper iment and tak i ng 

the data is made possible by the use of a computer program written 

in Bas i c. The deta i I s of th i s program are discussed in the in 

Chapter 5. An out line of the process is given here. It is 

assumed that all of the apparatus is functioning and the laser is 

stab iii zed to some resonant line with the gas under invest i gat i on. 

The program requests parameters which establ ish a set of pulse 

delays for the second pulse, the length of the integration time, 

and the number of times the process is to be repeated for signal 

ave rag i ng. Note that there are two I eve I s of signa I averag i ng. 

One I eve lis accomp I i shed in the Boxcar. The signa lis averaged 

for the length of time the boxcar window is held at one time 

point. The 0 the r I eve I 0 f s i g n a I a v e ,- a gin g i s per for m e din the 

computer. It is accomplished by storing the individual 

integrated results from the Boxcar in unique memory locations. 

And then, after a I I po i nts in the signa I have been samp I ed, the 

entire sequence is repeated summing the new results into the 

original memory locations. This increases the signal to noise 



67 

ratio as well as smoothing any effects of laser drift during the 

experiment. With the parameters entered the program goes about 

the actua I process of generat i ng and stor i ng the appropr i ate 

signals. It was mentioned before that there is also a background 

signa I due to crysta I ring i ng wh i ch shou I d be removed for data 

analysis. Once the data run is completed the sample gas is pumped 

out of the samp I e ce I I and the ent i re process is repeated. Thus 

a I I character i st i cs of the data wh i ch are not re I ated to the 

samp I e gas are co I I ected in th i s second run of the exper i ment. 

Since a I I cond it ions are he I d the same between the two runs is is 

poss i b I e to direct I y subtract the two memory buffers for. the 

desired result. 



CHAPTER 5 

THE COt.1PUTE R 

Ear I i er sect ions have discussed the character i st i cs of the 

experiment and have shown a need for numerous repetitions of the 

experiment. If these repetitions had to be done by hand, 

collection of data could take a considerable amount of time, 

perhaps even longer than I aser stab iii ty cou I d be assured. 

Furthermore there is a need for the capab iii ty to subtract sets of 

data. These requirements can be satisfied by using a 

microprocessor to control the experiment. This chapter discusses 

the microprocessor bu i I t for th i s purpose. The chapter is 

naturally divided under two main headings, hardware and software. 

I t was dec i ded to bu i I d a computer wh i ch wou I d have the 

flexibility to stand alone as well the capability to run the 

experiment. This approach was not only less expensive in initial 

cost but also has saved considerable funds in data reduction. An 

excellent introductory book on interfacing microcomputers is 

Sargent and Shoemaker (1981). 

Hardware 

Since the system had to have considerable flexibi I ity it 

was decided to bui Id a modular computer such that boards for 

spec if i c tasks cou I d be added. The S-100 bus fam i I Y of computers 
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satisfies this requirement. The mainframe of the computer 

consists of a IMSAI 8080 box which contains the power suppl ies and 

an 18 slot motherboard. This box also comes with a front panel 

interface. The front panel allows computer instructions to be 

entered through a set of toggle switches. Also the current state 

of the computer is displayed by a set of LED's. It was found that 

these are very useful items for a development type system. The 

first board to go in the computer is the CPU board. 

The zao CPU 

The CPU board contains the computer clocks and the central 

process i ng un it. The Z80 CPU made by Z i log was chosen for the 

large se I ect i on and f I ex i b iii I ty of its mach i ne language 

commands. The particular S-100 board chosen is an Ithaca Audio IA 

1010. The clock speed is 4 Mhz. This board also has the 

necessary inter face to run the i nte I I i gent front pane I, a 2708 

EPROM location, and power on jump capabi I ity. 

Computer Memory 

An 8 bit microprocessor has 16 bits of address which allows 

it to address up to 64K hex memory locations. Our computer has 

48K RAM (Random Access Memory) on three 16K static memory boards, 

a I though the state of memory these days is such that there are 

many combinations of boards that would work just as well. 

Features that are nice to have in memory are f I ex i b ili"l"y in 

addressing, such as addressing the board on 4K boundaries. It is 
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sometimes necessary to phantom memory so that some other board can 

overlay the same section of memory. Also it is useful to be able 

to protect sections of memory occasionally. Besides RAM it is 

necessary to have some of the memory in EPROM, spec if i ca I I Y for 

the computer bootstrap mon i tor program. The RAM memory is 

contiguously addressed from 0000 to BFFF, while the monitor 

resides in EPROM at FOOO. This is the working memory of the 

computer. External memory i.e. storage, is also necessary. Two 8 

inch Siemens Floppy Disk Drives serve this purpose well. The 

drives are controlled by a Versafloppy controller board. Each 

floppy disk stores up to 241K bytes of data or programs. 

Dig i ta I I nput and Output 

Wh i I e the front pane I a I lows one to togg lei n programs th i s 

is not a very conven i ent way of wor king with long programs. A 

keyboard input is necessary and also some way to display computer 

output is needed. The So lid State Mus i c 1-0 4 board conta i ns two 

ser i a I ports and two para I I e I ports. The two ser i a I ports are run 

at 300 baud. One output goes to a I ntegra I Data Systems Paper 

Tiger Model 460 printer. This gives hardcopy output capabi I ity, a 

necessity for programming and data reduction. The other ser i a I 

I ine I inks the computer with an Ecl ipse computer also present in 

the bui Iding. Fi les can be shipped to the Ecl ipse, to make use of 

its plotting capabi I ities, or to use it as another storage device. 

One of the para II eli nput ports links the computer to a Cherry 

Mode I B70-05AB keyboard. The keyboard has been mod i f i ed for 



71 

automat i c repeat and is po I I ed by a 60 Hz interrupt signa I (see 

Sargent and Shoemaker (1981)). The other para I I eli nput is used 

as a status port for var i ous dev ices. One of the para I I e I output 

ports is used to control the pulse generator which was discussed 

earl ier. Recall that an 8 bit number from this port controls the 

spacing between the two experimental pulses. The other parallel 

output port contains a number of control I ines, such as the reset 

pulse for the boxcar and a z axis I ine to control a CRT display of 

data. Table 1 contains the port addresses and and indicates what 

each bit is used for. The other form of output is v i sua I. For 

this purpose a Digital Video Systems CAT-lOa video board is used. 

This board has 32K RAM of its own memory which is uses to display 

either 480 by 512 bit mapped graphics or alphanumeric data. The 

d i sp I ay screen is a Setche I Car I son mode I 12M915 video screen. 

The memory on the CAT-lOa overlays the computer's memory and so 

the computer memory needs to be phantomed whenever the video 

memory is accessed. 

Analog Input and Output 

All of the equipment mentioned above has been digital, but 

there is a I so need for ana log signa I hand ling. Reca I I that the 

Boxcar needs a voltage ramp input to control the delay from the 

sync pulse to the data window. And the output from the boxcar is 

a vo I tage I eve lind i cat i ng the magn i tude of the integrated signa I. 

Also voltages are needed for X-Y display devices such as a plotter 

or CRT used to view data. To satisfy these needs a special S-100 



Tab I e 1. Para I I eli nput and output port addresses and 
functions. 

OUTPUT PORT 
ADORE 55 

06 

07 

INPUT PORT 
ADORE 55 

06 

07 

BIT # ---

0-7 

o 

2 

3,4 

5 

6 

7 

BIT # ---

0-7 

0 

2 

3 

4 

5,6,7 

FUNCTION 

controls delay to computer
contro I led pu I se generator 

cassette output 

not used 

Z axis for CRT display 

not used 

governs access to either 
Boxcar or CRT 

not used 

clear signal to Boxcar 

FUNCTION 

keyboard input 

cassette input 

not used 

signals start of experiment 
originates at pulser box 

not used 

status for keyboard 

not used 
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board was made up to handle 2 Burr-·Brown DAC80 D/A converters and 

a Burr-Brown SDM853 AID data acquisition system. Consider the D/A 

system first. 

The DAC80's are 12 bit digital to analog converters, and 

they can be configured to output a variety of voltages. DAC #1 

output is set to 0-10 volts whi Ie DAC #2 is bipolar -10 to +10 

volts. They have plus or minus one half LSB maximum nonl inearity, 

very small drift and a settl ing time of 3 microseconds. The 

min i mum vo I tage increment is 3 mil I i vo I ts wh i ch is amp I e 

reso I ut ion. But the 12 b i 1" nature of these DACs causes a I itt I e 

added comp I i cat i on since the computer on I y hand I es 8 bit data. 

Thus it was necessary to use two output ports to program the DACs 

and throwaway the 4 least significant bits of one of the outputs. 

The address decoding is shown in Table 2. This does not cause any 

timing problems because at 4Mhz the time required to output data 

to two ports is on the same order as the DAC settl ing time. 

Finally, consider the Analog to Digital conversion system. 

The SDM853 converts up to -10 to +10 volt analog data into digital 

inputs at throughput sampling rates of 30KHZ for 12 bit 

resolution. It also has the capabi I ity of multiplexing up to 16 

channels, however our usage involves only a single channel. The 

range of the device is set at -10 to +10 volts and the 12 bit 

output gives a 5 mi II ivolt resolution with a conversion time of 24 

microseconds. Like the 12 bit DAC there exists a compatibi I ity 

problem with the 8 bit computer, but this time on input to the 
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Table 2. Input and output ports used to control DAC's 
and AID's. 

OUTPUT PORT 
ADDRE SS BIT # FUNCTION ---

10 0-3 contains channel address of 
AID 

4-7 not used 

11 0-3 not used 

4-7 contains 4 LSB of 12 bit 
number for DAC #2 

12 0-7 contains 8 MSB of 12 bit 
number for DAC #2 

13 0-3 not used 

4-7 contains 4 LSB of 12 bit 
number for DAC #1 

14 0-7 contains 8 MSB of 12 bit 
number for DAC #1 

INPUT PORT 
ADDRE S5 BIT # FUNCTION ---

10 0-6 not used 

7 signals AID conversion 
completion (active high) 

11 0-3 not used 

4-7 contains 4 L5B of converted 
number from AID 

12 0-7 contains 8 M5B of converted 
number from AID 
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computer rather than output. So here two input ports are used to 

transfer the data from the A/D to the computer memory. By reading 

in the 12 bits as the least significant bits of a 16 bit word room 

is allowed for additional signal averaging in memory. The detai Is 

of this process are covered in the software section of this 

chapter. 

te I ling 

Note that the A/D needs information from the computer 

it what channel to address and also when to start 

conversion. Th is comp I etes the hardware assoc i ated with the 

computer. The rema i nder of the chapter descr i bes the software 

necessary to perform the tasks at hand. 

The Software 

Software consists of the programs written for use in 

performing the experiments and analyzing the data. The general 

software environment is goVerned by the resident operating 

system. The operating system for our microprocessor is a monitor 

called Zapple. It is a debug monitor in the sense that it has a 

lot of diagnostic capability. This has been important for 

developing the programs. The disks have their own operating 

system ca I I ed CP/M. Th i sis a f i I e or i ented system such that each 

disk has a directory wh i ch lists the f i I es present on that disk. 

Both of these programs are written in machine language, Zapple 

resides in EPROM whi Ie CP/M is loaded into the main memory and 

executed whenever the disks are booted up. There are a number of 

h i g her I eve I I an g u age s t hat w i I I run 0 nat his s Y stem, the 0 n e s 

which are used the most are Microsoft Basic and Xitan extended 
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disk basic. Both of these Basics can write directly to the disk 

wh i ch is a must for data storage. However on I y the X i tan bas i c 

can handle data disk transfer in raw, i.e. hexadecimal, form. The 

Microsoft Basic only reads and writes to the disk in ASCII. So 

the data gather i ng programs use the X i -ran Bas i c wh i I e the data 

analysis programs use Microsoft Basic. To actually control the 

exper i ment and co I I ect the data, rout i nes had to be wr i tten in 

machine code. The machine code executes much faster than a higher 

I eve I I anguage and has greater f I ex i b iii ty in mov i ng and stor i ng 

data. For the process of tak i ng data the higher I eve I language is 

used to make it easy for the operator to set up the parameters 

that the mach i ne I anguage rout i nes need. Thus the operator 

interfaces to the computer through the Bas i c programs, wh i ch 

hand I es text on the screen very we I I, and these programs in turn 

ca I I the mach i ne I anguage rout i nes. As an example of the machine 

language routines we consider the data collection program named 

FILBUF. 

The Mach i ne Language Rout i nes 

FILBUF provides the software required to obtain coherent 

transient data using the PAR 162 Boxcar integrator. The boxcar 

operates under computer contro I us i ngthe "gai"e" and tIc I ear" input 

signals. In operat i on, the gate vo I tage is incremented and the 

"clear" is released allowing the boxcar to begin integr"ation of 

the transient signal at the new time point. After the desired 

period of integration in the boxcar, the integrated signal is 
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strobed into the AID convertor. After delaying for the conversion 

time the digitized signal is added into a 16 bit word in a 

computer buf fer and the "c I ear" to the boxcar is turned back on. 

Th i s bas i c cyc lei s then repeated. The number of words in the 

buffer, the scan voltage increment, the integration time per point 

and the number of comp I ete scans performed are a I I software 

selectable and are input through the governing Basic program. A 

flow diagram for this routine is shown in Fig. 20. There are two 

other mach i ne rout i nes wh i ch are used regu I ar I yin the data 

gathering process. One is BUFMAN which consists of 2 parts: the 

first inverts a buffer of up to 4096 16 bit words and the other 

adds two such buffers. The last routine is SEEBUF, which provides 

the software necessary to display a buffer area of the same size 

as above on either an X-Y plotter or and X-Y video display. A 

movable pointer is also implemented which allows extraction of any 

individual data point. 

The Basic Programs 

There are two data gather i ng programs wr i tten in Bas i c. 

One is for collecting data from an echo type experiment and the 

other is for delayed two pulse nutation. Both are based on a menu 

selection process. Consider the echo program as an example. Each 

selection prompts the user for the information necessary to run 

the mach i ne rout i ne, then it uses a CALL statement to transfer 

control to that program. When the machine routine is finished it 

returns control to the Basic program and the user can make another 



78 

Input and Store 
f----

Clear Buffer ,\ren 

Scan Parameters Initinli:e RcgiRtPr. 

1/ / 
...... 

Output Gate Vol ta!'(" 

and Rclease Clear 

I 
Get Prcvious Sam)'lt' 

From Stnck 

I 
Convert to 12 Bits 

and Add into Buffer 
1[\ 

I 
Increment Gate Voltage 

and Buffer AddresR I~ 

I 
Delay XX microseconds 

Reset Regisers For 

I Start of New Scan 

Input New Sample and 

Place on Stack 

11\ 
I 

Turn on Boxcar Clear NO 

i..o--. ---
AIl YES 

Scans EXIT 
End 

Done ? 
of NO 

Range ? 

11\ 

YES Increment Scan 

Counter r-

Fig. 20. A Fow Diagram of the Program FILBUF 
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The use of th i s menu approach a I lowed the Bas i c 

programs to be written as modules, this has several advantages. 

First it is much easier to debug a single module than try to get 

the who I e program work i ng a I I at once, and second once a mod u lei s 

work i ng correct I y it can be eas i I Y used in any other program. As 

was mentioned earl ier, the raw data is collected as hex numbers 

and stored in specified buffers in the computer memory. The 48K 

system memory a I lows enough room for the Bas i c program and up to 6 

data buffer areas. Each data buffer area consists of 4096 2 byte 

(16 bit) words. A diagram of computer memory is shown in Fig. 21. 

Once these 6 buffers are f i I I ed up they must be saved on disk to 

make room for another set of buffers. Within the directory option 

of the program is the capab iii ty to store i nd i vi dua I data f i I es on 

disk. With each set of data is stored all of the input 

in format i on necessary to prod uce that data a long with a user 

suppl ied title. There is a recover opt i on in the men u, to 

safeguard against problems in data transfer between computer and 

disk. If for some reason the transfer process is interrupted, for 

example by a bad sector on the disk, the computer can be restarted 

and the program restored without any loss of data. 

the Basic programs are provided in the appendix. 

Listings of 

There are several levels of data reduction programs. The 

first step in data reduct i on is to convert the appropr i ate hex 

numbers in the memory buffers into numbers that can be used by 

higher level reduction routines. The higher level programs take 



Zapple 1.lonitor 

Not used 

Video ~lemory Area 

Top of RAN 

Memory Reserved for 

Six Data Buffers 

CPIII 

XDB Basic Program 

plus 

Experiment Program 

Page Zero Parameters 

Fig.21. A Diagram of Computer Memory 

Hex Address 

FFFF 

FOOD 

EOOO 

COOO 

8000 

7106 

0100 
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these numbers, which are now a smal I subset of the raw data, and 

do the required curve fitting or analysis. Th i s process is 

discussed in the sections concerning data analysis in Chapter 7. 



CHAPTER 6 

EXPERIMENTS 

As i ntrod uced in Chapter the intended use of the 

apparatus described in the preceeding chapters is the measurement 

of non-polar molecular decay rates. To this end a number of 

experiments have been performed. These experiments have al I used 

the techniques of two pulse delayed nutation and photon echo as 

their methods of investigation. 

investigation was SF6' 

The first molecule chosen for 

SF6 is a spherical top non-polar molecule with the sulfur 

atom at the center of an octahedron, surrounded by the six 

flourine atoms, (see Fig. 22). The observed infrared absorption 

is due to the v3 fundamental stretch mode of the molecule. The 

spectrum is comp Ii cated by the many states of rotat i on about each 

of the eight threefold symmetry axes perpendicular to the faces of 

the SF6 octahedron. This molecule has received much experimental 

attention in the past, probably because conclusions concerning 

SF6 should be extendable to other polyatomic molecules. In 

part i cu I ar the interest in UF6 as a cand i date for laser isotope 

separat i on has spurred much of the interest in SF6 (see for 

example Koren, Dahan, and Oppenheim (1981 ». 
Coherent transient techniques were first appl ied to SF6 by 

Patel and Slusher (1968) in an attempt to measure its dipole decay 
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Fig. 22. The SF6 Molecule 
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rates. Hocker and Tang (1968) observed the first optical nutation 

in gases us i ng SF6. In 1969 the same authors made the first 

measurements of the transition dipole matrix element through the 

nutation technique. Besides the coherent transient experiments 

severa I other groups have made absorpt i on spectrum measurements 

in a effort to classify the many transitions of SF6. Goldberg and 

Yusek (1970) used 2 C02 lasers to perform high-resolution inverted 

Lamb-Dip spectroscopy on the molecule. They determined that there 

are 24 I ines coincident with the P(16) C02 laser I ine alone. 

Further photon 

Karlov (1973), 

echo exper i ments were per formed by A limp i ev and 

(1974) • These exper iments were directed at the 

polarization dependence of the echo pulse. They also obtained 

decay rates for the osc i I I at i ng d i po I e moment i nd uced by the 2 0-

switched C02 laser pulses. Simi lar photon echo experiments were 

done by Heer and Nordstrom (1975) on the P(16) resonance of SF6. 

Th i s wor k was extended to severa I other C02 I aser lines by Gutman 

and Heer (1977). A series of papers from a group of experimenters 

at Los Alamos Scientific Laboratory has assigned the levels pumped 

by P( 16) of SF6 and resolved the fine-structure spl itting of the 

3 stretching fundamental (Aldridge, Fi lip, FI icker, Holland, 

McDowe I I, Nereson, and Fox (1975); McDowe I I, Ga I bra i th, Krohn, 

Cantrell, and Hinkley (1976); and McDowell, Galbraith, Cantrell, 

Nereson, and Hi n k ley (1977». A I I of the prev i ous coherent 

transient experiments made use of pulsed C02 lasers and as such 

had signal to noise problems. With the completion of the 
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frequency-switched laser technique our initial experiments in SF6 

revealed previously unobserved velocity-changing co I lis ion 

effects in photon echo decay (Comaskey, Scotti, and Shoemaker 

(1981)). The current set of experiments, to be discussed in this 

chapter, are concerned with the dependence of the molecular decay 

rates on the mass of the col I ision partner. Mixtures of SF6 with 

inert buffer gases, Hel ium, Argon, and Xenon were used as the 

sample gas in this investigation. 

The Gas Mixture 

The fi II ing station, used for mixing gases, has 5 ports for 

attach i ng either gas f I asks or samp Ie ce I I s to be f i I led. The 

man i fo I dis ali nch g I ass pipe connected through a stop-cock to 

an oi I diffusion pump. The diffusion pump is made of glass and 

uses Convalex-10 diffusion oi I, made by Bendix. The forepump is a 

Sargent-We I ch mode I 1400 vacuum pump. There is a I so a stop-cock 

connecting the forepump to the manifold for rough pumping. With 

th i s arrangement pressures of 10- 6 torr cou I d be reached ina 

clean system. Before filling any flask or cell it was always 

pumped to this level to guarantee there would be no contamination. 

The procedure for use of the f i I ling stat ion is descr i bed in 

Appendix I. I nit i a I at t em p t sat per for min g the b u f fer gas 

exper i ments were comp I i cated by a prob I em of pref erent i a I 

pumping. This problem is explained here in an effort to keep 

history from repeating itself. 
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First a mixture of gases was establ ished in the sample 

ce I I, for examp I e 10 mtorr of He was mixed with 1 mtorr of SF6 to 

give a total pressure of 11 mtorr. Experiments could now be 

performed at this pressure. In order to do experiments at lower 

pressure the procedure was to pump out some of this mixture unti I 

the des i red pressure was reached. Th is is where the prob I em 

developed, because it was found that the I ighter buffer gas, He, 

would be pumped faster than the heavier SF6. To demonstrate this 

Fig. 23 shows signal sizes over a range of pressures for the three 

buffer gases He, Ar, and Xe. Note that the Xe buffer gas signal 

is I i near with pressure as it shou I d be, but both the Ar and He are 

non I i near. The non I i near i ty is such to i nd i cate that the signa I 

did not decrease as the pressure was lowered but only dropped 

after most of the I ighter buffer gas was pumped out. After these 

d i scourag i ng resu I ts a new procedure was esta b I i shed for creat i ng 

gas mixtures. This procedure is to premix the gases in a separate 

flask at the required ratio and at such a total pressure that when 

a single charge is introduced into the sample cell it is only a 

sma I I increment in pressure. In th i s way the exper iments cou I d be 

started at the lowest pressure desired and then incremented 

through the des i red pressure range. Th i s method requ i red no 

pump i ng of the mix and therefore the mixture rat i 0 rema i ned 

constant. This was confirmed by monitoring the signal size as a 

f unct i on of pressure for the d i f ferent gases to assure I i near i ty. 

For the experiments reported here the ratio of buffer gas 

to SF6 is 5:1. The flask was first filled with 20 mtorr of SF6 
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then the buffer gas was added to bring the final pressure to 120 

mtorr. This pressure in the flask produces .5 mtorr per charge in 

the samp I e ce I I. Lower pressures were reached by a method of 

division of volume. Once the sample cell and the manifold had 

reached eq u iii br i um the sampJ e ce I I cou I d be i so I ated by the stop

cock on the man i fo I d. The man i fo I d cou I d then be pumped tota I I Y 

to a very low pressure. When the samp I e ce I I stop-cock was 

reopened the volume increased by about 2 thus dividing the 

pressure in ha If. The pressure range for the exper iments is 

governed by the final signal to noise ratio that can be achieved. 

For photon echo experiments this range is from .1 mtorr to 2.0 

mtorr, whi Ie for the two pulsed delayed nutation experiments the 

range is. 5 mtorr to 15 mtorr. With the proper gas mix and 

pressure estab I i shed the rema i nder of the apparatus can now be 

addressed. 

The E xper i menTa I LayouT 

All of the optical equipment is mounted on a 4x10x1 foot 

granite table for stability. The table is floating on 12 small 

aircraft tires, lying flat on the floor, for vibration isolation. 

The equipment mounted on the table is shown in Fig. 24. The 

output from the frequency-sw itched C02 I aser passes through an 

attenuation cel I (C1) so that the power incident on the detector 

can be varied. The attenuation cell is fi lied with a high 

pressure mixture of SF6 and He. The total pressure in the cel I is 
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roughly 100 torr. By freezing the SF6 into a side reservoir the 

effectiveness of the cel I can be varied from complete absorption 

to near complete transmission. The cell has 2 NaCI windows both 

of which are set at a wedge angle to prevent reflections back 

along the optical axis. Following the cell are two flat steering 

mirrors (Ml and M2) to direct the beam around the table. One of 

the mirrors (M2) can be removed from a kinematic mount to allow 

the beam to take an alternate path to a monochromator. A quarter

meter Jarrell-Ash device has been fitted with an 80 I/mm 2" 

grating for use in the infrared. The output of the monochromator 

is monitored by a pyroelectric detector. A chopper in front of 

the spectrum analyzer produces the necessary a.c. signal. With M2 

in place the laser beam passes through a beam expanding telescope. 

The te I escope cons i sts of 2 Ge I ens of foca I length 10" and 5" (L 1 

and L2). The lenses are of the meniscus type designed for minimum 

spherical aberration. With this arrangement the laser beam is 

coil imated and expanded to a 7.6 mm radius. This is establ ished 

by scanning the beam with a pyroelectric detector using a pinhole 

aperture. The beam profi Ie after the telescope is shown in Fig. 

25. A simi lar profi Ie was also found farther down the optical 

axis establ ishing the beam's coil imation. Following the 

te I escope is a 4' samp Ie ce I I. The samp I e ce I lis attached to the 

gas f i I ling stat i on and conta i ns the gas to be exam i ned, as 

discussed in the prev i ous sect i on. To detect the signa I s a 

Honeywe I I HgCdTe I i qui d nitrogen coo I ed p hotod i ode detector is 
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used. The detector specifications are shown in Table 3. The video 

pre-amp with the detector has a 20 Mhz bandwidth. The signal is 

further enhanced by a C-Cor mode I #3528 amp Ii f i er. Th is preamp 

has a 100 Hz to 100 Mhz bandpass and 20 db gain. Because of the 

small detector size (5.10-4 cm2) a 2.5" focal length lens (L3) is 

used in front of the detector to co I I ect more light and increase 

the signal to noise ratio. The C-Cor amp does not decrease the 

SIN ratio indicating that the system is detector noise limited. 

I t was found that if the inc i dent I aser beam cons i sted of more 

than 100 mwatts total power the detector responsivity was 

impaired. For this reason the attenuation cel I was adjusted to 

ma i nta ina tot a I I aser power of 40 mwatts at the samp I e ce I I, thus 

assuring proper detector performance. The I aser power is 

monitored by a Coherent 210 power meter, which was inserted in the 

beam on I y for these measurements. A Au: Ge detector is a I so 

mounted on the granite table. This detector monitors the spectral 

output from the laser grat i ng and is used in the laser 

stabi I ization system described in Chapter 3. 

Other eq u i pment is mounted in var i ous racks around the 

table. This equipment includes the Velonex high voltage source 

which suppl ies the pulses to the crystal in the laser. A separate 

rack houses the PAR Boxcar integrator, a mon i tor i ng scope, the 

I aser power supp lies, the computer contro I led pu I ser box, and the 

stab iii zat i on electron i cs. The computer res ides in its own rack 

which also contains the floppy disk drives, the keyboard and the 
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Table 3. Specifications of the HgCdTe Detector 

DESCRIPTION OF DETECTOR 

HRC Identification Number 

Type 

Window 

Element 

Area 

Distance to Window 

LN2 Hold Time 

TEST PERFORMANCE 

Detector/Preamp Bandwidth 

Quantum Efficiency 10.6~ 

g Factor 

Spectral Peak 

Power Requirement 

Responsivity (RA) 10.6~ 
.,,: 

D A 10.6 
Amplifier Gain 

Bias (internally set) 

Optimum Bias 

Responsivity 

* D BB ... 
D" Peak 

A 

94VS91B7 

10.6u Photodiode (Hg,Cd)Te 
Irtran II 

2 5E10-4 cm 

11.43.MM 

360 Mins. 

> 50 MH~z _________ _ 

15.9% 

3.7 

13.0 Microns 

N/A 
1.35 A/W 

1/2 -1 4.94E9 cm-Hz w 

N/A 

N/A 

+30 mV 

3.15 A/W 
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video output. Th i s comp I etes the descr i pt i on of the eq u i pment 

that is common to a I I of the exper i ments. The fo I low i n9 two 

sections cover the particular settings for the two pulse delayed 

nutation and photon echo experiments. 

Two Pulse Delayed Nutation 

Two pulse delayed nutation experiments were performed in 

the following combination of gases; pure SF6, a 10: 1 ratio of 

He:SF6, a 5: 1 ratio of Ar:SF6, and a 5: 1 ratio of Xe:SF6. The 

pure SF6 data was taken with a shorter 2' samp Ie ce I I to prevent 

the medium from becoming optically thick. All of the experiments 

were performed using the 10.6 micron P(16) C02 laser I ine. The 

pulse widths for Pl and P2 are typically equal and lie between 200 

and 250 nanoseconds. The pulse widths are tuned to produce the 

sma I I est nutat i on signa I at the second pu I se for the shortest 

pulse separation. The amplitude of the high voltage pulses 

appl ied to the crystal is 500 volts, implying a 5 Mhz frequency 

sw itch. The signa I from the C-Cor preamp is passed through a 20 

Mhz low pass filter and then into channel B of a Hewlett Packard 

1801A dual channel vertical ampl ifier. The scope channel B output 

is used as the input to the Boxcar. The size of the signal to the 

Boxcar can be controlled by the voltage setting of channel B. 

Signal size is usually I imited to 40 mvolts p-p to prevent 

saturation of the Boxcar input. With this arrangement the high 

frequency noise on the signal is I imiten to 3 mvolts. The low 

frequency background due to crystal ringing is sti I I present, but 



this is removed later by background subtraction. 
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The background 

data is co I I ected under the same cond it ions except that the samp I e 

gas is comp I ete I y removed f rom the samp I e ce I I • 

For these experiments 30 different pulse separations are 

used ranging from 800 nanoseconds to 8.3 microseconds. Fifty 

points are sampled for each pulse separation with a resolution of 

10 nanoseconds. Figure 26 is an example of the signals for a 

typ i ca I exper i ment. The two app lied vo I tage pu I ses are shown in 

the upper trace, wh i I e the response of the med i um is shown in the 

lower trace. Each point is integrated by the Boxcar over 36 

experiments at a 12 Khz rate. This integrated signal is stored by 

the computer for the 30 pulse separations comprised of 1500 points 

in time. The computer then averages 40 to 80 of these complete 

experiments for the final signal. In this way a SIN gain of 40 to 

50 is ach i eved by signa I averag i ng. As i nd i cated above th i s 

procedure is repeated for 10-20 different pressures of the sample 

gas in the pressure range of .5 to 15 mtorr. The results of the 

data co I I ect i on process, for one pressure, and background 

subtraction is shown in Fig. 4 of Chapter 1. 

Two Pu I se Photon Echo 

The photon echo experiments were performed with the same 

sample gases as the nutation experiments described above with one 

exception. The He:SF6 gas mixture was 5: 1 instead of 10: 1 as 

previously mentioned. The same P(16) C02 laser I ine as used for 

the nutation experiments was also used for the echo experiments. 
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The pu I se widths for the photon echo exper iments are typ i ca I I Y 150 

nsec for the first pulse and 300 nsec for the second. These are 

tuned to optimize the echo ampl itude. The pulse ampl itudes are 

500 volts producing a 5 Mhz frequency-switch. Figure 27 shows the 

pulse arrangement for the photon echo experiment at a single time 

delay. The upper trace is the response of the medium, showing the 

signa I generated by the pu I ses themse I ves as we I I as the echo at a 

pu I se separat i on time later. The lower trace is the electrical 

pulse sequence from the pulse generator. 

Each experiment consists of 30 different pulse separations 

ranging from 800 nsec to 9.8 microseconds. However the echo pulse 

occurs at twice the pulse separation therefore the echo signal 

times range from 1.6 microseconds to 20 microseconds. Each echo 

signal is sampled at 60 points with a resolution of 10 nsec. 

Since the echo signa lis a 5 Mhz beat signa I th i s arrangement 

gives 20 samples per cycle of the beat frequency. Because the 

echo signals are a higher frequency than the nutation signals and 

a I so of sma I I er size there are other differences in the 

exper i menta I con fig urat i on for the two techn i q ues. The signa I 

from the C-Cor preamp is now first passed through a 2 Mhz high 

pass fi Iter to help remove as much of the background as practical 

without attenuating echo signal. This is necessary because at the 

long delay times the echo signal is completely buried in the noise 

and the signal size to the boxcar is I imited by the crystal 

ringing ampl itude. The signal is input to channel B of the scope, 
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the output of channel B is then passed through the 20 Mhz low pass 

fi Iter and input to the Boxcar. As mentioned above the signal to 

the Boxcar is kept below the 40 mvolt level. Signal averaging 

simi lar to the nutation experiment is performed producing a SIN 

gain of 50. Background subtraction is even more important in the 

echo exper i ment since the echo signa I decreases rap i d I Y with 

increased separat i on. A typ i ca I exper i menta I resu I tis shown in 

Fig. 6 of Chapter 1. Because of the decreased signal size and the 

longer delay times the photon echo experiments are performed at 

lower pressures. These range from .1 to 2 mtorr. A step by step 

procedure for photon echo and two pulse delayed nutation data 

co I I ect ion is covered in Append i x E. The next chapter covers the 

data reduction and data analysis procedures for both experimental 

techniques. 



CHAPTER 7 

DATA REDUCTION AND ANALYSIS 

This chapter covers the area of data reduction and analysis. In 

this context data reduction refers to the process of putting the raw 

experimental results into a form amenable to comparison with theory. 

Data analysis is that comparison. The first section discusses data 

reduction and includes experimental results. The second half of the 

chapter contains the analysis of the results in view of the theory. 

Data ReducTion 

The preceeding chapter discussed the method of collecting data 

for the delayed nutation and photon echo experiments. Recal I from that 

discussion that the raw data is in the form of hex files on a disk. 

Each fi Ie contains the experimental parameters as well as the data. 

For the exper i ments covered the data cons i sts of 50 to 60 po i nts for 

each of 30 different de I ay times. These data po i nts are a sam pie of 

the averaged signals produced by the pulse sequences. The des ired 

result for both techniques is a time history of the decay or relaxation 

of the system from its perturbed state to equi I i br i um. Th i s decay is 

described by the amplitude of the acquired signals over the numerous 

delay times. The task at hand is to convert the sampled signals into 

some simple measure of signal size. In the case of nutation this is the 

depth of the absorption dip. In the case of echo this is the size of 

100 
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the envelope of the echo beat signal. To perform this data reduction 

or compression a Basic computer program was written. 

The name of the program is NEWREDUL.BAS and a commented listing 

is included in Appendix B. The program runs on the existing 

microcomputer under XDB Basic so as to be able to read the hex data 

files. The program has facilities for loading data files from the disk, 

operating on them, editing them or just viewing the raw data. A step by 

step procedure for a t~pical set of data is included in Appendix F. An 

outline is given here along with some useful comments. Once the data 

fi les are loaded into the computer memory, any two fi les can be 

subtracted, as is necessary for background subtraction. A file can be 

displayed on a CRT X-Y display for editing. The editing is performed by 

a movable cursor that travels across the screen from point to point at 

the users command. Figure 28 is a display of a typical nutation signal. 

This absorption signal is one of the signals from the Fig. 4. The 

cursor is moved so as to collect one point from the flat background 

and one from the minimum of the absorption dip (points #1 and #2). The 

data value at these two points is subtracted to give a measure of the 

size of the absorption for this delay time. This process is repeated 

for al I of the delay times at a single pressure. The slope of this set 

of points vs time is representative of the system relaxation rate at a 

single pressure. The results for each pressure and for each sample gas 

mixture are collected in a similar fashion. Figure 29 is an example of 

the results for a pure SF6 experiment. It contains a plot of In(signal 

amp I itude) vs time for a number of pressures over a typica I range of 
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delay times. 

Figure 30 is one echo signal from the echo train shown in Fig. 

6. For this type of signal three points are chosen to represent the 

envelope of the echo signal (points #1, #2, and #3). These three points 

are averaged, as follows, to remove any remaining background influence 

on echo size. 

Echo Size = [point #1 ; Point #3J - Point #2 (7.1) 

As for nutation this process must be repeated for each echo at a II of 

the de I ay ti mes, over a I I the pressures and for each samp I e gas. 

Figure 31 is a plot of the In(echo envelope) vs echo time for a number 

of pressures for a pure SF6 echo experiment. The echo times associated 

with each po i nt are ca I cu I ated in the program from the exper i menta I 

parameters. In th i s way the raw data has been reduced to a form 

amenable to analysis. 

Some comments can a I ready be made concern i ng these resu Its, 

such as the nutation data appears to give astra ight line dependence 

wh i I e the echo data c I ear I y has a more comp I ex decay dependence. 

Before discussing how these results lead to a quantitative description 

of the decay process it is necessary to review how the data is related 

to the theory discussed in Chapter 2. 
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Theory and Data Analysis 

Recal I from the introduction that the two pulse delayed 

nutation experiments is meant to measure the relaxation of a system 

perturbed from equilibrium by pulsed interaction with a resonant field. 

The signal generated at the detector from this interaction is given by, 

(7.2) 

In this expression S(oo) represents the signal at infinite delay 

time when the system has totally relaxed, C represents a constant, and 

'Yex and 'Y13 are the level decay rates. The signal at infinite delay is 

actually measured at the first pulse of the experiment. This is 

acceptable pr-ovided the pulse is long enough to allow the signal to 

reach its maximum ampl itude and that the experiments are spaced far 

enough apart in time so that one experiment does not influence the 

nc>(t. This consideration sets the time between experiments as 

discussed in Chapter 4. 

It is instructive to reflect on what decay rates are actually 

being measured by the nutation experiment. In Chapter 1 the two level 

system in contact with a reservoir of levels was introduced, see Fig. 

32. In SF6 th i s bath is actua I I Y present in the form of the numerous 

rotational levels associated with the upper and lower vibrational 

states. After the first pulse has populated the upper level the second 

pulse measures the net absorption after a time tau. The net absorption 

is the sum of absorption from the lower level and the stimulated 
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emission from the upper level. If the population of the upper level is 

decreased due to re I axation to the bath th i s decreases the stimu I ated 

emission contribution thus increasing net absorption. Similarly if the 

population of the lower level is increased due to redistribution of 

population among the lower rotational levels, this too leads to 

increased absorption. Thus, the delayed nutation experiment al lows the 

determination of the relaxation rates for the rotational transitions. A 

basic assumption of this argument is that all of the rotational rates 

are equal for the upper and lower states. That this is true can only 

be inferred from the experimental results. And in fact the measurement 

is of an averag.e rate over all of the rotational levels since there was 

no attempt to isolate individual levels. 

From expression (7-2) it is clear that the decay should be 

either single or double exponential. The data seems to indicate single 

exponential decay implying that Ya equals Yeo This is not unexpected 

for a molecular transition within a single electronic manifold. The 

means for determining the decay rate is implemented in a Basic program 

called MNUTFIT.BAS. A I isting of the program is provided in Appendix D. 

The program loads the reduced data fi les from the reduction program 

and performs a least squares fit on the In(amplitude) vs delay time to 

a straight line. Two slightly different methods can be used. One uses 

the first pulse amplitude as S(oo), while the second only extrapolates 

to S(oo) based on the remaining points. Generally both methods agree to 

within 10 percent. The slope of the In(signal amplitude) vs time is the 

relaxation rate for that pressure. When al I of the pressures have been 
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ana I yzed the rates vs pressure can be estab I ished. Figure 33 conta ins 

the pressure dependant plots for al I of the sample gas Nutation 

ex per i ments. Note that the zero pressure intercept for a I I of the 

decay rates is small indicating that diffusion or beam transit effects 

are smal I. Also the pressure dependence for al I of the experiments is 

I i near. 

The theory for photon echo has received much attention in the 

literature because of its unique abi lity to defeat the Doppler dephasing 

and reveal other decay mechanisms. Photon echoes in crystals is 

discussed in an early work by Abella, Kurnit, and Hartmann (1966) and 

Hartmann (1968). With the extens ion of photon echo work to gases it 

was soon rea I i zed that the photon echo techn i q ue cou I d be usef u I for 

investigation of colJisional process. As mentioned in the Introduction 

there are two types of co I lis iona I I Y induced decay of the d i po I e that 

attract most of the attention: these are phase changing coil isions and 

velocity changing coil isions. Figure 34 is useful for understanding 

phase changing col I isions effects on the dipole. Let the molecule be in 

a superposition of states before the collision. The energy gap defines 

the frequency of oscillation. During a collision the electric fields 

associated with the approaching coil ision partner causes a small Stark 

shift of the upper and lower states. If the energy shift is not equal 

for the two states, the frequency of oscillation is different during the 

time of the coil ision. After the coil ision, when the states return to 

their original energy spread, the dipole has undergone a number of 

oscil lations at some different frequency. Therefore the co I lis i on 
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process has introduced a unknown phase change in the dipole and a 

reduction in the macroscopic dipole. However, if the energy shift for 

the two levels are the same then there is no change in the frequency 

and no phase shift. Since the transitions under consideration in this 

study are vibrational in nature and do not involve electronic 

transitions the coil isions are state independent,(see Kachru, Mossberg, 

and Hartmann (1979». Thus phase changing coil isions are not expected 

to play an important role. 

The velocity changing coil isions are a much simpler process, 

but their effect on the dipole is more subtle. During such a collision 

the active molecule undergoes a small change in its velocity. Recall 

that the formation of the echo pulse depends on being able to exactly 

cancel the Doppler effect among an ensemble of molecules. If a random 

change takes place in the velocity of a molecule between the first and 
• 

the echo pulse this cancellation cannot be perfect. I n fact it gets 

worse at longer delay times because the added phase term is 

proportional to the velocity times the time. Therefore velocity 

changing coil isions effectively remove the individual molecules 

contribution to the macroscopic dipole, producing a smaller echo than 

expected. Schm i dt, Berman, and Brewer (1973) used the method of Stark 

Switching to examine vcc (velocity changing coil isions) effects on a 

polar molecular gas sample. Attempts at a theoretical analysis of vcc 

effects requires some knowledge of a collisional kernel for the 

calculation of collisional probabilities. A particular kernel which is 

most popular is the Brownian motion kernel proposed by Kei Ison and 
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Storer (1952). Part of the popularity of this kernel is the fact that 

it can be solved analytically. However, Berman, Levy, and Brewer (1975) 

have shown that, independent of the type of kernel, vcc effects should 

introduce a t 3 dependence in echo amplitude for short times. While, the 

long time decay should be single exponential. 

Another interesting aspect of the study of collisions has to do 

with the quantum mechanical treatment of the trajectory of the 

molecule. To appreciate this consider Fig. 35. If the coil ision process 

is state dependent then the trajectory of a molecule, during a 

coil ision, in the upper state should be different from that of one in 

the lower state. The question arises what trajectory wil I the molecule 

take if it is in a superposition of both states? This fascinating 

problem is considered by Berman in a number of papers, for example 

Berman (1975) and Berman (1978). An extens ion of the theory of vcc 

effects to tr i-I eve I systems is presented by Mossberg, Kachru, 

Hartmann, and F I usberg (1979). And the effects of vcc on two-photon 

line shapes along with the introduction of a hard sphere kernel is 

given by Liao, Bjorkholm, and Berman (1980). The first resolution of vcc 

effects in nonpolar molecules was reported by Comaskey, Scotti, and 

Shoemaker (1981). 
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In order to analyze the data in both that paper and the 

findings of this work it is necessary to make use of results from 

Shoemaker (1978). Here it is found that for frequency switching 

experiments the effect of vcc on the echo signal is described by, 

(7.3) 

where T denotes the time between the pu I ses, l1ae is the d i P,o I e matr i x 

element, n the frequency, L the length of interaction, and Na-Ne is the 

population difference. The expression in the integral represents the 

effect of the Kei I son-Storer kernel. rae is the short time decay rate, 

assumed to be the same as T1 determined from the nutation experiment. 

This is because phase-changing coil isions are not expected to play an 

important role. Because the upper and lower states experience the same 

energy shift during a coil ision, since, they are both within the same 

electronic state. rvc is the contribution of vcc to the overal I dipole 

decay, k is the wave number, and 6u is the rms velocity change per 

coil ision. A Basic computer program has been written which performs a 

least squares fit of the data to this expression. Th i s program is 

called MECHOFIT.BAS and is I isted in Appendix C. The program is used to 

determine the values of rvc and 6u that best represent the data over 

al I of the delay times and pressures. As an alternate check a secon~ 

approach is a I so used to determ i ne these parameters. I f the above 

expression is carried to the long time I imit the following result is 
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found, 

£ = Cexp(-2Yae' - 2rvc') = Cexp(-2rt') (7.4) 

This is in qualitative agreement with the data which also exhibits a 

sing I e exponent i a I decay for long de I ay times. The second approach 

consists of performing a least squares fit of the latter half of the 

data to th i s express ion in order to determ i ne a va I ue for r t = Yae + 

rvc. As in the previous approach Yae is considered a known quantity 

from the nutation experiment. Therefore rvc becomes 

A conf i rmation of the goodness of f it of the theory to the 

data is demonstrated in Figs. 36 to 39. These figures show a comparison 

of data and theory for two pressures for each of the samp I e gases 

investigated. From these it is clear that the data is in good agreement 

with the theory. There does appear however to be a slight discrepancy 

during the t 3 part of the data, where it seems that the theory 

underest i mates the bend in the data. The theoret i ca I resu I ts at th i s 

time in the experiment do depend on the form of the collisional kernel, 

so further investigation into this difference may produce more 

information on the kernel. In order to determine the decay rates the 

resu I ts for the decay parameters are plotted vs pressure as in the 

case of the Nutation date. Fi gures 40 and 41 are the pressure plots 
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for a I I of the samp I e gases. We find that both the fu I I f it process 

(Fig. 40) and the long time fit routine (Fig. 41) produce I inear pressure 

dependances. The intercepts in these plots are due to pressure 

independant process which do not show up in the population decay 

measurements, and are not well understood at this time. Table 4 

d i sp I ays the resu I ts from both of these approaches a long with the 

decay rates found for YaS. Note that the agreement of the two methods 

for the va I ue of r vc is exce I I ent. To compare the effects of the 

different buffer gases on the SF6 decay it is more convenient to 

express these results in the form of collision cross sections. 

DeTerminaTion of Collision Cross SecTions 

By representi ng the resu I ts in the form of co I lis iona I cross 

sections the differences in the velocity of the different coil ision 

partners is taken into account. For example, the average velocity for 

He is ten times that for Xenon. Thus He shou I d undergo a greater 

number of collisions which would lead to an erroneously large cross 

section if the velocity difference is not taken into account. A simple 

express ion re I ates the scatter i ng cross section sigma and the 

coil isional probabi I ity per unit time gamma, 

(7.6 ) 
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Table 4. The decay rates establ ished by the Nutation and 
Photon Echo experiments. 

(a I I decay rates are in units of per mtorr-usec) 

?ia.b from delayed nutation experiments 

~V( from fu II fit to vee echo decay theory 

~J."(; from long time echo data 

'troT = d'a. h + Jl'vc 

GAS ~a.b ~vc .11A 'iLP()' 'troT MIXTURE 
m/sec 

Pure SF6 .033 P .027 P 1.0 .056 P .060 P 

He:SF6 .021 P .057 P 1.2 .079 P .078 P 

Ar:SF6 .021 P .040 P 0.9 .060 P .061 P 

Xe:SF6 .022 P .030 P 1.3 .051 P .052 P 

P = pressure in mtorr 
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Here n is the number density of the coil ision partner, vr is the mean 

relative velocity given by, 

vr =[ 8:
l
.n (7.7) 

where II is the reduced mass II = Ml:M2/(M1+M2), R is the gas constant 

land T the temperature in degrees Kelvin. The above expression cannot 

be applied directly to our results in its present form because the gas 

ratio for the experiments was only 5:1. Thus, only a percentage of the 

co I lis ions are between SF6 and a rare gas atom. A classical text 

contains the proper result for a mixture of gases, (seeJeans (1940», 

(7.8) 

where cr 11 represents the cross section for SF6 - SF6 co I lis ions and 

cr12 is that between the buffer gas and SF6. Solving for cr12 gives, 

cr12 = [r. _ v 11 cr 11J_6_ 
n 6 5v 12 

(7.9) 

Th is resu I t can be used to ca I cu I ate the scatter i ng cross secti ons 

corrected for active molecule-active molecule collisions. The value 

for crll is determined from the pure SF6 data using equation (7.6). 

Table 5 contains the cross sections for al I of the gases for both the 
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Table 5. The coil isional cross sections calculated from 
Nutation and Photon Echo experiments for al I gas mixtures. 

GAS MIXTURE 

SF6"· SF6 

He-SF6 

Ar- SF6 

Xe-SF6 

-- Cross Section for State Changing 
Coil isions 

-- Cross Section for Elastic Velocity 
Changing Coil isions 

0'0:8 O'vc 

(Angstroms)£ (Angstroms)£ 

347. 284. 

45. 153. 

128. 294. 

191. 313. 



pure state decay and the vcc effects. It is more 

present these resu I ts as a function of mo I ecu I ar size. 
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illuminating to 

The hard core 

radius of the gases under consideration have been determined from 

Leonard-Jones potential calculations of the coefficient of viscosity and 

the viral coefficients, (see Hirschfelder, Curtiss, and Bird (1964». 

Figure 42 is a plot of both sets of cross sections vs the square of the 

sum of the rad i us of SF6 and the rad i us of each buffer gas. It is 

satisfying to see the monotonic dependence of the population decay 

cross sections with coil ision partner size. Whi Ie the vcc cross 

secti ons appear to be independent of the hard core size with the He 

being the exception. In an attempt to compare these results with other 

exper i menters, the resu I ts of two other exper i ments are presented in 

Fi g. 43. The first by Kachru, Chen, Hartmann, Mossberg, and Berman 

(1981) used Li as the active atom, while the second by Leung, Mossberg, 

and Hartmann (1982) used atomic thai lium as the active atom. The pure 

state decay cross sections display a similar dependence on core size to 

the result presented here. It is hoped that this new data is useful to 

the theoretica I community in their efforts to understand coil ision 

processes. The last chapter suggests areas of further investigation 

which may prove fruitful. 
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CHAPTER 8 

SUMMARY AND FUTURE DEVELOPMENTS 

This last chapter is a brief summary of the results of this 

exper i menta I ef fort a long with a look at poss i b I e future avenues 

of investigation and developments of the apparatus. 

Summary 

The preceed i ng chapters have descr i bed the construct i on 

and use of a frequency-sw itched C02 laser incoherent trans i ent 

infrared molecular spectroscopic experiments. The maj or 

mi lestones in the construction of this instrument were the 

development of a suitable mount for the electro-optic crystal, the 

discovery of a novel laser stabilization method, and the 

introduction of a microcomputer system for the enhan~ement of data 

through signal averaging. This instrument has been used in a 

n umber of pre lim i nary and fact gather i ng exper i ments. Even though 

the subject of these experiments has received much attention by 

numerous authors in recent times, the use of this new technique 

has uncovered previously unresolved phenomena. To be specific, 

velocity changing coil isions in a nonpolar molecule have been 

resolved and the appropriate scattering cross sections measured, 

(Comaskey, Scotti, and Shoemaker (1981». Also, an investigation 

has been made on the effect of the mass of the col I ision partner 
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on decay mechanisms. This work has produced scattering cross 

sect ions between SF6 and rare gas atoms, as we I I as the first 

attempt to fit the data to a Brownian motion col I ision kernel over 

the entire range of val idity of the theory, (Scotti and Shoemaker 

(1982)). It is bel ieved that this data wi II be useful for gaining 

a better understand i ng of mo I ecu I ar co I lis i on processes. The 

agreement of these results with theory are strong support for the 

be lief that the proj ect has atta i ned the goa I of broaden i ng the 

realm of coherent transient spectroscopy. But this faci I ity for 

taking data has only begun and it is expected to blossom into many 

more fruitful experiments in the near future. 

Future Investigations 

It was clear from the start that there is only one 

condition that a molecule must satisfy to make it a candidate for 

scrutiny under this technique: it must have a coincidence with a 

CO2 I aser line. Given the many C02 I aser lines that can be 

attained for each of the several isotopic variations of C02 the 

n umber of mo I ecu I ar cand i dates shou I d be very great. There is 

current I Y a sign i f i cant ef fort in the deve lopment of FIR (Far 

Infrared) lasers and many of these use a gain medium pumped by a 

C02 laser. So there ex i sts a I arge amount of literature on 

possible candidates for C02 coincidences. A prel iminary effort 

was started a long these lines and there were some encourag i ng 

results with the use of acetonitri Ie as a subject molecule. One 

might try to find the simplest molecule to investigate to make as 



close as possible contact with existing theories. 
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Besides the 

pursuit of new molecules, more work can also be done on clearing 

up the discrepancies between current theory and experimental 

fact. Recal I that there exists a sl ight nonconformity with the 

Ke i I son-Storer kerne lin the t 3 reg i on of the photon echo decay. 

Perhaps by concentrating on the exact shape of the time decay 

curve a better approximation to the experimental results can be 

found. These are a few suggestions for continued research with 

the existing hardware. Some work has already begun on a new 

technique which makes use of an acousto-optic device to frequency 

switch the laser beam. 

this technique. 

Append i x G serves as an i ntrod uct i on to 



APPEND IX A 

THE E XPE R I ME NT CONTROL PROGRAMS 

Th i s append i x conta i ns the list i ng of the programs used to 

run the experiments. The programs are wr i tten in XDB (X I TAN 

Extended Disk Basic) and run under the same interpretor. The two 

programs are named ECH081.BAS and NUTAT81.BAS. Since much of the 

two programs are simi lar only the echo program wi I I be I isted in 

full. Those parts of the nutation program that are unique wi II be 

preceeded by an asterisk. There are few comments in the programs 

because that would add too much to their length. Therefore 

comments wi I I be added in th is append i x by spac i ng them with in the 

program. 

CLEAR DATA AREA, DIMENSION VARIABLES AND LOCATE DATA BUFFERS 

'ECHO DATA PROGRAM (LINKED DATA FILES) UPDATE 11/18(81 
CLEAR 362,2 

8 GOSUB 6000 REM:THIS ROUTINE LOADS MACHINE LANGUAGE PROGRAMS 
AUTOMATICALLY WHEN THIS ROUTINE IS RUN. 

10 DIM BUFA(6,2),PDEL(6) ,SA(6) 
15 DIM BL(6) ,PSTP(6) ,NECO(6) ,V INC(6), ITPP(6) ,NSCN(6) ,SLPE (6) 
16 DIM KT$(6),PRES(6),BFL(6) 
20 ON ERROR GOTO 500 
26 BUFA(l,l)=&8000:BUFA(2, 1) " &8700:BUFA(3,l)=&8EOO 
28 BUFA(4,l)=&9500:KOPT=1:KDIS=1:KBUF=1:KCUR=1 :SS:l 
31 BUFA(5,l) " &9COO:BUFA(6,l) " &A300 
32 FOR I " 1 TO 6 
34 KT$( I) = "ABCDEFGH.IJK" 
36 NEXT I 
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412 M1D$(KAS,3,1) = RIGHT1(KSt,l) 
415 MID$(KT$( I) ,10,3) = KA$ 
420 KS$ = STR~(I) : KS$ = RIGHT~(KS$,I) 

. 425 MIDS(KT$( I) ,8,1) = KS$ 
4 30 I~E XT I 
435 SS = 0 
440 RETURN 

ON ERROR LIST ALL VARIABLES AND START AGAIN 

500 LVAR 
520 GOTO 40 
550 GOSUB 7000 
560 GOTO 40 

TEST THAT THE DUFFER NUMBER DOES NOT EXCEED 6 

600 IF KCUR + TT > 6 GO TO 60B 
605 RETURN 
608 1:?"********** EXCEEDS 6 BUFFERS ******** ••• " 
610 IF KBlfF >6 THEN KBUF 6: IF KCUR > 6 THEN KCUR = 6 
620 GOTO 40 
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THIS PART OF THE PROGRAM ASKS THE OPERATOR FOR THE EXPERIMENTAL 
PARAMTERES. THESE PARAMTERES ARE USED IN CONTROLLING THE TIMING OF THE 
EXPERIMENT. SOME OF THESE PARAMETERS WILL BE PASSED TO THE MACHINE 
LANGUAGE ROUTINES WHICH IN TURN SEND THE SIGNALS TO THE PULSE GENERATOR AND 
THE BOXCAR INTEGRATOR. THE PROGRA~ STATEMENTS MARKED WITH AN * ARE FOR THE 
NUTATION PROGRAM AND JUST REPLACE THE UNMARKED STATMENTS. 

1000 REM THIS IS THE PARAMETER INPUT SUBROUTINE 
1010 1: INPUT LINE "ENTER 7 CHARACTER FILENAME";KS$ 
1020 MID!(KT$(KCUR),l,7) = KS$ 
1030 1:INPUT" INPUT PULSER RANGE (HI = I, LOW = O)";RNGE 
1040 IF RNGE = 1 THEN CLCK = .02 
1050 IF RNGE = 0 THEN CLCK = .01 
1060 IF RNGE=1 OR RNGE =0 THEN GOTO 1070 ELSE GOT01030 
1070 1:INPUT" INPUT NUMBER OF INITIAL PULSE STEPS";NIP 
1080 IF NIP = 0 THEN NIP = I:NIP - INT(NIP) 

1085 TT = NIP: GOSUD 600: GOSUB 400 
1090 FOR I = KCUR TO NIP + KCUR - 1 
1100 1 :1" INPUT INITIAL PULSE SEPERATION IN UNITS OF" 
1110 INPUT" NANOSECONDS ";PDEL<I) 
1120 IF PDEL< I) = 0 GO TO 1100 
1130 NEXT I 
1140 OUT 6,PDEL(KCUR)*CLCK 
1150 IF KOPT - 3 GOTO 1190 
1160 1:INPUT" INPUT PULSE STEP SIZE( SAME UNITS)";PSTP(KCUR) 
1 170 IF PSTP(KCUR) = 0 GOTO 1160 
1180 ?:INPUT" IIWUT NUMBER OF ECHO RUNS (DECIMALl";NECO(KCUR) 
1190 TITM = 2*PDEL(KCUR + NIP - I) + 850 + PSTP(KCUR)*(2*NECO(KCUR) - 1) 
"1180 1: INPUT" INPUT NUMBER OF DELAYED NUTATION STEPS (DECIMAL)";NECO(KCUR) 
*1190 TITM = 850 + PDEL(KCUR + NIP - 1) + NECO(KCUR)*PSTP(KCUR) 
1200 IF NECO(KCUR) = 0 GOTO 1180 
1210 IF TITM ) 0 GOTO 1230 
1220 1:?" BAD ItIITIALIZATION ": GO TO 1030 
1230 ?:1" TOTAL TIME REQUIRED FOR EXPERIMENT IS",TITM*IE-03,"MICROSECONDS" 
1240 ?:INPUT" IIIPUT APERTURE DELAY RANGE IN UNITS OF MICROSECONDS";ADRG 
1250 IF ADRG = 50 THEN VINC(KCUR) • 2 
1260 IF ADRG = 20 THEN VINC(KCUR) = 2 
1270 IF ADRG = 10 THEIl VINC(KCUR) = 4 
1280 IF ADRG = 5 THEN VINC(KCUR) - 6 
1290 IF ADRG = 2 THEN VINC(KCUR) = 8 
1300 IF ADRG=50 OR ADRG=20 OR ADRG=IO OR ADRG=5 OR ADRG-2 GCTO 1320 
1310 ?:?" NONACCEPTABLE APERTURE DELAY RANGE" : GOTO 1240 
1320 ?:?" SET BOXCAR GATE TO CENTER OF FIRST ECHO, THEN BACK OFF" 
1330 INPUT"ONE PULSE STEP SIZE. THEN HIT CR ";00 
*1320 ?:1" SET BOXCAR GATE TO 50 NANOSECONDS BEFORE FIRST PULSE" 
*1330 ItIPUT" THEN HIT CARRIAGE RETURN";DD ' 
1340 IF KOPT - 3 GOTC 1400 



1350 ?:INPUT" INPUT INTEGRATION TIME PER POIIJTCTENTHS OF MSEC)";ITPPCKCUR) 
1360 IF ITPPCKCUR) = 0 GO TO 1350 
1370 ?:INPUT" INPUT NUMBER OF SCANS PER RUNCDECIMAL)";NSCNCKCUR) 
1390 NSCNCKCUR) = INTCNSCtHKCUR» 
1400 IVLT = 0 
1410 SLPECKCUR) = .01/ADRG 
1420 BFLCKCUR) = 4*INTCPSTPCKCUR)*SLPECKCUR)*409.5/VINCCKCUR» 
1430 BLCKCUR) = NECOCKCUR)*BFLCKCUR) 
*1420 BFLCKCUR) = 2*INTCPSTPCKCUR)*SLPECKCUR)*409.5/VINCCKCUR» 
*1430 BLCKCUR) = CNECOCKCUR) + I)*BFLCKCUR) 
1470 FOR I = I TO NIP 
1480 KBUF = KCUR + I - I 
1495 ITPPCKBUF) = ITPPCKCUR) 
1496 NECOCKBUF) = NECOCKCUR) 
1500 NSCNCKBUF) = NSCNCKCUR) 
1502 BFLCKBUF) = BFLCKCUR) : 
1505 SLPECKBUF) = SLPECKCUR) 

PSTPCKBUF) = PSTPCKCUR) 
PRESCKBUF) = PRESCKCUR) 
VINCCKBUF) = VINCCKCUR) 

8LCKBUF) = BLCKCUR) 

1508 BUFACKBUF,2) = BUFACKBUF,I) + BLCKBUF) 
1510 NEXT I 
1590 RSTP = PSTPCKCUR)*CLCK 

THIS IS THE PART OF THE PROGRAM WERE THE MACHINE LANGUAGE PROGAMS 
ARE CALLED AND EXECUTED. 

1600 ?:?" NUMBER OF COMPLETED SCANS IS":? 
1610 FOR IS =1 TO NSCNCKCUR) 
1620 FOR IP = I TO NIP 
1630 KDIS = KCUR + IP -
1640 IF IS >1 GOTO 1680 
1650 GOTO 1690 
1680 POKE &B037,&BO 
1690 RDEL =PDELCKDIS)*CLCK : IVLT = 
CPDELCKDIS)-PDELCKCUR»*SLPECKDIS)*2*409.6 
1700 CALL&BOOO, I, ITPPCKD I S), V I NCCKD I S) ,BFL CKD I S) ,NECOCKD I S), 
BUFACKDIS,I),IVLT,RDEL,RSTP 
1710 NE XT I P 
1720 PRINT IS: : NEXT IS 
1730 POKE &B037,&BI : OUT 3,7 
1740 GOSUB 5000 
1750 GOSUB 2080 : GOSUB 3000 : RETURN 

THIS ROUTINE DISPLAYS ALL OF THE PARAMETERS THAT ARE ASSOCIATED 
WITH ONE DATA BUFFER. IT IS USED IN CONJUNCTION WITH THE FOLLOWING ROUTINE 
TO DISPLAY DATA ON A CRT OR X-Y PLOTTER. 

2000 IF CKOPT=5) THEN GOTO 2010 ELSE GOTO 2020 
2010 ?: INPUT" ENTER BUFFER NUMBER FOR DISPLAY";KDIS 
2020 IF KDIS <= KBUF GOTO 2080 
2030 ?:?" ***.* NO SUCH BUFFER *·*·*":GOTO 40 
2080 1:1"*****'*********.*******************'*************** •• 1., 
2100 ?:?" BUFFER NUMBER ";KDIS;" FILENAME ";KTSCKDIS) 
2 I 10 ?:?" PRE S SURE IN MIL L I TORR IS"; PRE S C KD IS) 
2120 ?:?" NUMBER OF SCANS",NSCNCKDIS)," CDECIMAL)" 
2130 ?" NUMBER OF ECHOS",NECOCKDIS) ," CDECIMAL)" 
2140?" ItllTIAL PULSE SEPERATION",PDELCKDIS)," NANOSSECONDS" 
2150 ?" PULSE STEP SIZE",PSTPCKDIS)," NANOSECONDS" 
2160 ?" INTEGRATION TIME PER POINT",ITPPCKDIS)," TENTHS OF MILLISECONDS" 
2170 ?" VOLTAGE INCREMENT", V INCCKD I S)," CDEC IMAU" 
2180 ?:RETURN 

THIS ROUTINE SENDS THE DATA FROM ONE BUFFER TO EITHER A CRT DISPLAY 
OR AN X-Y PLOTTER. NOTE: THE ACTUAL DISPLAY FUNCTION IS PERFORMED BY A 
MACHINE LANGUAGE ROUTINE. 

3000 REM THIS IS THE DISPLAY ROUTINE 
3010 IF KOPT = 5 GOTO 3040 
3020 CALL &B34I,BUFACKDIS,I),BUFACKDIS,2), 1,0 
3030 GOTO 3050 
3040 CALL &B2CO,BUFACKDIS,I),BUFACKDIS,2) 
3050 RETURN 
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THIS ROUTINE It:VERTS ONE BUFFER OF DATA AND ADDS IT TOO A SECOND 
BACKGROUND BUFFER. AS ABOVE THE ACTUAL SUBTRACTION IS PERFORMED IN MACHINE 
CODE, HE RE IT ONl Y SETS UP THE PARAME TE RS. AFTE R THE BUFFE RS ARE 
SUBTRACTED THE RESULT IS STORED IN THE DATA BUFFER AND ALSO DISPLAYED. 

4000 REM THIS IS THE BUFFER SUBTRACTION ROUTINE 
4010 ?: INPUT" ENTER BACKGROUND BUFFER NUMBER";Nl 
4030 ?: INPUT" ENTER DATA BUFFER NUMBER";N2 
4040 KDIS = Nl 
4050 IF Bl(Nl) = Bl(N2) GOTO 4070 
40601:1" BUFFERS NOT THE SAME lENGTH" : GOTO 4160 
4070 MIDS(KT$(KDIS),7,1) • "S" 
4 1 1 0 CAL l & B 4 DE ,B U F A ( N 1 , 1 ) ,B U F A ( N 1 ,2) ,B U F A ( N 2 , 1 ) ,B U F A ( K DIS, 1 ) 
4130 GOSUB 2100 
4140 GOSUB 3000 
4160 GOSUB 5000 : RETURN 

THIS ROUTINE SAVES THE CURRENT STATE OF THE PROGRAM IN MEMORY SO 
THAT THE PROGRAM AND DATA CAN BE RECOVERED IF THERE IS A PROBLEM IN THE 
TRANSFER OF DATA TO THE DISK. 

5000 POKE &35,0 : POKE &36,&AA 
5005 OPEN #4,"0" 
5010 PRINT 14,KBUF,KCUR,KDIS,NIP,ADRG,ClCK,SS 
5020 FOR J = 1 TO KBUF 
5030 PR INT 14 ,KT$( J) ,Bl (J) ,PDEl (J) ,PSTP( J) ,NECO( J) ,PRES( J) 
5040 PR INT 14 ,V I NC( J), I TPP( J) ,NSCN(J) ,SlPE (J) 
5050 NEXT J 
5060 RE TURN 

THIS ROUTINE RESTORES THE PROGRAMS STATUS FROM THE ABOVE STORED 
INFORMATION. 

5100 POKE &33,&10 : POKE &34,&AA 
5110 INPUT 83,KBUF,KCUR,KDIS,NIP,ADRG,ClCK,SS 
5115 FOR J = 1 TO KBUF 
5120 INPUT f,3,KT$(J) ,Bl (J) ,PDEl (J) ,PSTP( J) ,NECO( J) ,PRES( J) 
5130 INPUT If3 ,V I NC(J), I TPP( J) ,NSCN(J) ,SlPE (J) 
5135 BUFA(J,2) = BUFA(J,I) + BL(J) 
.51.40 NEXT J 
5150 RETURN 

THE FIRST TIME THE PROGRAM IS RUN THIS ROUTINE READS THE MACHINE 
lANGUAGE ROUTINES FROM THE DISK AND STORES THEM IN MEMORY. 

6000 OPEN 110,"I","MACH.RTN" 
6010 FOR I = 1 TO 1536 
6020 BY • BYTE(810) 
6030 POKE (&BOOO +1 - I),BY 
6040 NE XT I 
6050 CLOSE 110 
6060 RETURN 

THIS ROUTINE DISPLAYS THE lOCAL DIRECTORY, THAT IS THE DIRECTORY OF 
DATA FilES STORED IN MEMORY. IT ALSO CAN DISPLAY THE DISK DIRECTORY. 
FINAllY IT IS ALSO THE ROUTINE WHICH WRITES THE DATA FilES TO THE DISK. 
GENERAllY THERE ARE MULTIPLE DATA BUFFERS FOR EACH EXPERIMENT, AND THESE 
IlEED TG 8E liNKED TOGETHER UNDER A SlllClE FilE NAME ON THE DISK, THIS 
ROUTINE PERFORMS THAT FUNCTION. 

7000 ?:?"**************** lOCAL DIRECTORY ***************" 
7010 ?:? " FilE IlUMBE R FilE NAME " 
7020 FOR I = 1 TO KBUF 
70301" ";1;" ";KT$(I) 
7035 IIEXT I 
7036 1:1 " CURRENT BUFFER IS NUMBER ";KCUR 
7040 1: INPUT "ENTER 1 TO VIEW DISK DIRECTORY";DS 
7050 IF OS • 1 THEN GOTO 7060 ELSE GOTO 7100 
7060 RESET :DIR "A:*.*" 



7100 FOR I = I TO 6 
7110 INPUT "ENTER FILENUMBER TO L INK";SAC I) 
7115 IF SAC I) = 0 THEN EXIT 7117 
7 1 16 "E XT I 
7117 DO = I - 1 
7118 IF DO = 0 THEN RETURN 
71 19 RE SE T 
7120 IF LOOKUPCKTSCSA(1»1 = 0 THEN COTO 7155 
7130 INPUT LINE" ENTER SINGLE LETTER FOR UNIQUENESS";US! 
7140 MID$CKT$CSAC I 11,7,1) US$: GOTO 7120 
7155 MID$CKT$CSAC11',6,1' = "L" 
7160 GOSUB 8000 RETURN 

THIS IS A SUBROUTINE FOR THE PREVIOUS ROUTINE 

8000 RE SET 
6010 KDIS = SAC11 
8014 OPEN #11,"R",KT$CKDISI 
8015 PRINT" SAVEING FILE NUMBER ";KDIS;" WITH FILENAME ";KT$CKDISI 
8020 WRITE '11,DD,OLCKDISI,PSTPC~DISI,NECOCKDISI,PRESCKDISI 
8025 WR ITE It 11, V I NCCKD I SI, ITPPCKD IS) ,NSCNCKD I SI ,SLPE CKDI SI ,KT$CKD I S I 
8025 FOR J = 1 TO DO 
8027 KDIS = SACJI 
8028 WRITE #11,PDEUKDISI 
8030 FOR I = 1 TO BUKD I S I 
8040 oy = PEEKCBUFACKDIS,I'-1+1 I 
8050 CUTBYTE Itll,OY 
8060 NE XT I 
8065 NEXT J 
8070 CLOSE # 1 I 
8090 RETURN 
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APPEND I X B 

THE DATA REDUCTION PROGRAM 

This appendix contains the I isting of the data reduction 

program NEWREDUL.BAS. This program also runs under XDB Basic. It 

is used to convert the raw hex data f i I es into reduced data f i I es 

in ASC I I format. Th i s' is accomp I i shed by d i sp I ay i ng each data 

buffer on a CRT screen and using a screen editor to collect only 

those points that best describe the signal, see the text Chapter 

6. The format of th is program is very s i mil ar to those in the 

previous appendix, therefore those routines that are common wi I I 

be referenced to Appendix A. 

1 'DATA REDUCTION PROGRAM UPDATE 11/11/81 
5 CLEAR 362,2 
8 GOSUB 6000 
10 DIM BUFA(7,2),X!;(15,6),YS(15,6),YT(3),XTC3),PDEL(6),FF(6),KES(3) 
15 DIM 
BL(6) ,NECO(6), V I NC(6), I TPP(6) ,NSCN(6) ,SLPE (6) ,KT$(6) ,PRE S(6) ,BFL (6) 
20 ON ERROR GOTO 500 
30 
BUFA(I ,1)=~8000:BUFA(2, 1)=&8700:BUFA(3, 1)=&8EOO:BUFA(4,1)=&9500:BUFA( 
5,1)=&9COO:BUFA(6,1)=&A300 
31 KOPT = I : KD I S = I : KBUF = I : KCUR = 1 : SS = 1 
32 FOR I = I TO 6 
33 KTS(I) = "ABCDEFGH.IJK" 
34 NEXT I 
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· THIS IS THE MEtlU SELECTION AVAILABLE FOR THE DATA REDUCTION 
PROGRAM. 

40 ?" ENTER MODE FOR DATA REDUCTION PROGRAM" 
********************,' 

BUFFERS MUST BE REDUCED IN INCREASING ORDER" 
********************,1 

1 ECHO DATA REDUCTION" 
2 NUTATIDN.DATA REDUCTION" 

45 ?" 
46 ?" 
47 ?" 
50 ?" 
60 ?" 
80 ?" 4 SUBTRACT TWO BUFFERS 

90 ?" 6 LINK AND SAVE 
5 

7 
DISPLAY A BUFFER" 

RECOVER" 
100 ?" 8 LOAD DATA 
110 ?" 10 NEW START 
120 ?: INPUT "ENTER MODE";KOPT 

THE BASIC JUMP TABLE 

9 
11 

D I RECTOR Y" 
E X I T" 

130 ON KOPT GOTO 150,160,180,200,220,250,240,330,350,30,370 
140 
150 
155 
160 
170 
180 
200 
210 
220 
230 
240 
245 
250 
260 
330 
340 
350 
360 
370 
500 
520 

GOTO 40 
GOSUB 2000 
GOTO 40 
GOSUB 2000 
GOT040 
GOTO 40 
GOSUB 4000 
GOTO 40 
GOSUB 2000 
GOSUB 3000 
GOSUB 5300 
GOTO 40 
GOSUB 5000 
GOTO 40 
GOSUB 0000 
GOTO 40 
GOSUB 7000 
GOTO 40 
END 
LVAR 
GOTO 40 

GOSUB 1000 

GOSUB 1000 

THIS IS THE MAIN ROUTINE WHERE THE DATA REDUCTION TAKES PLACE. 
80TH ECHO AND NUTATION DATA CAN BE REDUCED WITH THIS ROUTINE. IT SETS 
UP THE DISPLAY OF ONE BUFFER OF DATA, WHICH CAN THEN BE EDITED BY A 
POINTER ON THE DISPLAY SCREEN. THE Y VALUE OF THE DATA POINT UNDER 
THE POINTER ARE STORED IN LOCATIONS 53H AND 54H. THESE VALUES CAN BE 
PEEKED INTO A BASIC VARIABLE IF SO DESIRED. THE SELECTED POINTS ARE 
THEN AVERAGED TO GIVE A MEASURE OF THE SIGNAL SIZE. 

1000 13 = 3 : A$=" FOR ECHO NO. " : DD = NECO(KD IS) 
1010 IF KOPT = 1 GOTO 1030 
1020 13 = 2 ASc" FOR STEP NO." :NECO(KDIS)=NECO(KDIS)+l:DD 
NECO (KD IS) 
1030 7:? tI 

PO I tlTE R" 
CNTRL A - ADVANCE POINTER 

1040 ?: INPUT" CllTRL F - FAST FORWARD 
lC50 ?:?" CR OR SP SAVES POINTER VALUES" 

CNTRL D - DECREMENT 

ENTER STEP SIZE";XMUL 

1055 IF XMUL <= 0 THEN XMUL " 1 : XMUL = INT(XMULl 
1060 POKE &59,XMUL 
1065 BUFA(7, 1) = BUFA(KDIS,l) BUFA(7,2) = BUFA(KDIS,2) 
1070 FOR 11=1 TO DD 
1 C80 I F I 1 = 1 GOTO 
1090 BUFA(KDIS,l) 
1100 BUFA(KDIS,2) = 

1100 
BUFA(KDIS,l) + BL(KDIS)/DD + 2 
BUFA(KDIS,l) + BL(KDIS)/DD 
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1105 FLAG = 0 
1110 POKE &53,0 : POKE &54,0 
1120 XT(I) = 0 : YT(I) = 0 : XS(I I,KDIS) 
1130 FOR 12 = 1 TO 13 
1140 GOSUB 3000 

o YS ( I 1 ,KD IS) o 

THIS SECTION OF THE ROUTINE CONVERTS THE RAW HEX DATA INTO 
DEC IMAL 

1150 XT(12) = PEEK(&53) + PEEKU.54)*256 
1160 IF XT(I) = 0 GOTO 1400 
1170 YT(12) " PEEK(&57) + PEEKU.58)*256 

IF THE RAW DATA VALUE IS GREATER THAN 65536 IT OVERFLOWS AND 
CHANGES SIGN, THIS PART OF THE ROUTINE CORRECTS THAT OVERFLOW. 

1180 IF PEEK(&58) >= 128 THEN YT( 12) = YT( 12) - 65536 
1190 14 = 1 
1200 IF 11 >1 GO TO 1220 
1210 14 = 0 : XI = PEEK(&2E) + PEEK(&2F)*256 
1220 IF KOPT = 1 THEN XT(12) = XT(12)/XI + 
(ll-l)*BL(KOIS)/(2*NECO(KOISl) 
1230 IF KOPT = 2 THEN XT(12) = 
(VINC(KDIS)/(409.5*SLPE(KOIS»)*(XT(12)/XI + 
14*( I 1-2)*BL(KDIS)/(2*NECO(KDIS») + PDEL(KOIS)*14 

1250 NEXT 12 
1251 IF FLAG = 0 GOTO 1260 
1252 PRINT YT(I),YT(2),YT(3) 
1253 FOR K=1 TO 3 
1254 IF YT(K) < 0 THEN YT(K)=YT(K)+65536 ELSE YT(K)=YT(K)-65536 
1255 NEXT K :PRINT "OVERFLOW VALUES ARE",YT(I),YT(2) ,YT(3) 
1256 INPUT "ENTER VALUES TO USE'IN OROER";YT(I),YT(2),YT(3) 
1260 ON KOPT GOTO 1270,1320 
1270 YT(I) ~ ABS«YT(I) + YT(3»/2 - YT(2» 
1280 IF YT(I) = 0 GOTO 1300 
1290 YS(ll,KDIS) = LOG(ABS(YT(I»)) 
1300 XS( I I,KDIS) = (VINC(KDIS)/(409.5*SLPE(KDIS»)*(XT(I) + XT(2) + 
XT(3) )/3 
1310 DC = 0 
1315 GO TO 1400 
1320 YT(I) = ABS(YT(2) - YT(I» 
1330 IF 11 = 1 THEN XT(3) = XT(2) 
1350 IF YT(I) = 0 GOTO 1370 
1360 YS(ll,KDIS) = YT(I) 
1365 IF KOPT = 1 THEN YS( 11,KDIS) = LOG(YS( 11,KDIS)) 
1370 XS( I I,KDIS) = XT(2) - XT(3) 

DISPLAY THE SELECTED AND AVERAGED VALUES 

1400 BS=" X=":C1=" NANOSEC Y=" 
1410 PRINT USING 1420;AS;ll;B1,XS(ll-DC,KDIS),C1,YS(ll-DC,KDIS) 
1420 ! 'LLLLLLLLLLLLLL#U'RRRRRRRRRR#####. 'LLLLLLLLLLLLLLLL#######.# 
1421 INPUT "O.K. ";OK 
1422 IF OK = 0 GOTO 1425 
1423 IF OK >=10 THEN FLAG = 1 
1424 COTO 1110 
1425 NEXT 11 
1505 BUFA(KDIS, 1) = BUFA(7,1) BUFACKDIS,2) BUFA(7,2) 
1506 MIDS(KT$(KDIS),7,1) = "R" 
1510 RETURN 

THIS IS THE BUFFER DISPLAY ROUTINE STARTING AT STATMENT # 
2000, SEE APPENDIX A. 

3000 REM THIS IS THE DISPLAY ROUTINE 
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THIS IS THE BUFFER DISPLAY ROUTINE STARTING AT STATMENT # 
3000, SEE APPENDIX A. 

4000 REM THIS IS THE BUFFER SUBTRACTION ROUTINE 

THIS IS THE DATA SUBTRACTION ROUTINE STARTING AT STATMENT # 
4000, SEE APPENDIX A. 

THIS ROUTINE LINKS THE REDUCED DATA FILES AND STORES THEM ON 
THE DISK. SINGLE OR MULTIPLE FILES CAN BE LINKED TOGETHER UNDER THE 
SAME FILE NAME. REDUCED AND LINKED FILES WILL HAVE AN "RL" AS THE 7th 
and 8th LETTERS OF THEIR FILENAME. NOTE THAT THE FILES \'IILL BE 
INTERLACED SUCH THAT THE FIRST DATA POINT FROM EACH FILE WILL APPEAR 
BEFORE THE SECOND DATA POINT OF ANY OF THE FILES IN THE LINK. 

5000 FOR I = 1 TO 6 
5010 INPUT"ENTER FILENUMBERS IN ORDER TO LINK AND SAVE";FF( I) 
5020 IF FF(I) = 0 THEN EXIT 5035 
5030 NE XT I 
5035 DT = FF ( 1 ) 
5040 IF I = 6 THEN 00=1 ELSE DO = - 1 
5050 KSS=MID$(KT$(DT).7,2) 
5052 IF 00>1 GOTO 5060 
5054 MIDS(KTS(DT),7,1) "R" GO TO 5070 
5060 MIDS(KT$(DT),7,2) = "RL" 
5070 RESET 

THE ROUTINE CHECKS FOR THE UNIQUENESS OF FILENAMES AND ASKS 
FOR A SINGLE LETTER IDENTIFIER IF THERE IS A CONFLICT OF NAMES. 

5080 IF LOOKUP(KTS(DT» = 0 THEN GOTO 5110 
5090 7: INPUT LINE" ENTER A SINGLE LETTER FOR UNIQUINESS";US$ 
5100 MID$(KT$(DT),8,1) = US$ : GO TO 5080 
5105 RE SE T 
5110 OPEN #10,"R",KT$(DT) 
5120 PRINT "SAVEING REDUCED DATA WITH FILENAME ";KTS(DT) 
5130 PRINT #10,DD*NECO(DT),PSTP(DT),NECO(DT),PRES(DT),VINC(DT) 
5140 PR fNT #10, I TPPCOTl ,NSCN(DTl ,SLPE COTl ,KT$(DTl 
5145 FOR I = 1 TO DO 
5150 PRINT #10,PDEL(FF( I» 
5 160 NE XT I 
5180 FOR I = 1 TO NECO(DT) 
5190 FOR J = 1 TO DO 
5200 PRINT '10, XS( I,FF(J»,YS(I ,FF(J» 
5210 NEXT J 
5220 NE XT I 
5230 CLOSE #10 
5240 MID$(KT$(DT),7,2) = KS$ 
5250 RE TURN 

THIS ROUTINE RESTORS THE PROGRAM STATUS AFTER A DIFFICULT~ IN 
DISK TRANSFER OF DATA. 

5300 POKE &33,&10 : POKE &34,&AA 
5310 INPUT #3,KBUF,KCUR.KDIS 
5315 FOR J = 1 TO KBUF 
5320 INPUT #3,KT~(J),BL(J),PDEL(J),PSTP(J),NECO(J),PRES(J) 
5330 ItJPUT 63, V I NC( J), ITPP( J) ,NSCN(J) .SLPE (J) 
5335 BUFA(J.2) = BUFA(J,I) + BL(J) 
5340 NEXT J 
5350 RETURN 

TH I SIS THE MACH I NE LANGUAGE LOAD I NG ROUT I NE START I NG AT 
STATMENT , 6000, SEE APPENDIX A. 

142 



THIS IS THE DIRECT0RY ROUTINE THAT STARTS AT STATMENT , 7000, 
SEE APPENDIX A. 

THIS ROUTINE STORES THE PROGRAM STATUS FOR RECOVERY. 

8135 IF KBUF >6 THEN KBUF = 6 
8140 POKE ~35,&00 : POKE &36,&AA 
8142 OPEN '4,"0" 
8145 PRINT 14,KBUF,KCUR,KDIS 
8150 FOR J = I TO KBUF 
8160 PRINT 14,KTSIJ),BLIJ),PDELIJ),PSTPIJ),NECOIJ),PRESIJ) 
8170 PRINT 14,VINCIJ),ITPPIJ),NSCNIJ),SLPEIJ) 
8180 NEXT J 
8190 RETURN 
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APPEND I X C 

THE ECHO DATA ANALYSIS PROGRAM 

This appendix contains the I ist of MECHOFIT.BAS, the data 

analysis program. This Basic program runs under Microsoft Basic. 

It takes the reduced data fi les from an echo experiment and allows 

the user to do a I east squares fit either to astra i ght line or to 

the velocity-changing coil ision decay equation discussed in 

Chapter 6. 

1 REM MICROSOFT VERSION OF ECHO FITTING PROGRAM UPDATE 2/27/81 
30 DIM XS(40, 11), YS(40,11) ,tJP( 11), TP(40) ,A( 11,4) ,NS( 10) 
50 DIM KT$(10),PRES(10),PDEL(3,10),XT%(40),YT%(40) 
60 INIT = &HAOOC : CLRSCR = tHA003 : OUTPT = tHA006 
62 ERAPT = &HA009 : MOVCUR = tHA01B : OUTLIN = ~HA01E 
70 XO~ = 10 : YOX = 50 : XL% = 500 : YL%=450 
110 KOPT=I:KDIS=I:KBUF=I:KCUR=I:SS=1 

THIS IS THE MENU SELECTION AVAILABLE 

120 PRINT:PRltH" **********" 
130 PRINT:PRINT"THE FOLLOWING 
140 PRINT"1 LOAD DATA 

OPTIONS ARE AVAILABLE:" 

150 PRINT"3 DIRECTORY 
160 PRINT"5 PLOT DATA 
170 PRINT"7 DISPLAY DATA 
180 PRINT"9 EDIT DATA 
190 PRINT: INPUT "ENTER NUMBER 

2 TIME CORRECT" 
4 LISTING OF DATA" 
6 LSF" 
8 ECHO FIT DATA" 
10 EXIT" 

OF DESIRED OPTION";KOPT 
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THE BASIC JUMP TABLE 

200 ON KOPT GO TO 220,230,240,250,260,270,280,300,290,305 
210 GOTO 120 
220 GOSUB 800: GOTO 120 
230 GOSUB 1410: GO TO 120 
240 GOSUB 1220: GOTD 120 
250 GOSUB 1310: GOTO 120 
260 GOSUB 1570: GOTO 120 
270 GOSUB 610: GO TO 120 
280 GOSUB 1690 : GOTO 120 
290 GOSUB 320:GOTO 120 
300 GOSUB 1800 : GOTO 120 
305 END 

THIS ROUTINE DISPLAYS A REDUCED DATA FILE ON THE CAT-l00 
GRAPHICS OUTPUT. THE DATA POINTS CAN THEN BE EDITTED AND A NEW DATA 
FILE CREATED FOR ANALYSIS 

320 REM EDIT ROUTINE 
325 INPUT "ENTER FILENUMBER TO BE EDITTED";KDIS 
330 GOSUB 1700 
340 GCSUB 1750 
350 GOSUB 400 
360 GOSUB 1691 
395 RETURN 

THIS ROUTINE SEARCHS FOR DATA POINTS SET TO ZERO BY THE 
EDITTING ROUTINE AND REMOVES THEM FROM THE DATA LIST. 

400 NN = 0 
410 FOR I = 1 TO NPCKDIS) 
422 IF YSCI,KDIS) 0 THEN GOTO 426 ELSE GOTO 424 
424 X50m+l,KDIS) = XSC I,KDIS) :YSCNN+l,KDIS) = YSCI,KDIS) 
425 NN = NN+l 
426 NEXT I 
429 NPCKDI5) = NN 
430 RETURN 

THIS ROUTINE FINDS THE MAX AND MIN OF THE DATA TO SET THE 
PROPER LIMITS ON THE CAT-l00 VIDEO DISPLAY. 

500 REM FIND XMAX 
505 YNIM = YSC1,KDIS) 
510 XMAX = XSCNPCKDIS),KDIS) 
511 YMAX = YS C I ,KD IS) 
515 FOR I = I TO NPCKDIS) 
520 IF XSC I,KDIS) <= XMAX GOTO 530 
525 XMAX = XSCI,KDIS) 
530 IF YSCI,KDIS) <= YMAX GO TO 550 
540 YMAX = YSCI,KDIS) 
550 IF YSC I,KDIS) )= YNIM THE N GOTO 570 
560 YNIM = YS C I ,KD IS) 
570 NE XT I 
580 RETURN 

THIS ROUTINE DOES A LEAST SQUARES FIT TO A STRAIGHT LINE USING 
THE AMPLITUDE AND TIME OF THE DATA POINTS AS VARIABLES. 

610 REM LEAST SQUARES LINEAR FIT ROUTINE 
615 PRINT: INPUT "ENTER FILENUMOER TO BE FIT";KDIS 
620 Y2SUM=0: X2SUM=0: XSUM=O: YSUM=O: XYSUM=O 
625 PRINT:PRINT "FILENAME ";KT$CKDIS) 
650 FOR 1=1 TO NPCKDIS) 
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680 Y2SUM=Y2SUM + YS( I,KDIS)' 2 
690 YSUM=YSUM + YS(I,KDIS) 
700 XYSUM=XYSU~ + XS(I,KDIS)*YS(I,KDIS) 
710 X2SUM=X2SUM + XS(I,KDIS)'2 
720 XSUM=XSUM + XS( I ,KDIS) 
730 N= I 
740 NEXT I 
750 M=(XYSUM-XSUM·YSUM/N)/(X2SUM-XSUM'2/N) 
760 B=YSUM/N-M*XSUM/N 
761 SDS = 0 
762 FOR I = 1 TO NP(KDIS) 
764 SDS = SDS + (M*XS( I,KDIS) + B - YS( I,KDIS»'2 
766 NEXT I 
768 SDS = SQR(SDS/NP(KDIS» 
770 PRINT:PRINT "M(SLOPE)","B( INTERCEPT)"," RSS ERROR" 
780 PRINT:PRINT M,e,SDS 
790 RETURN 

THIS ROUTINE LOADS THE REDUCED DATA FILES FROM THE DISK. 

800 REM THIS ROUTINE LOAD DATA FILES 
820 RESET 
830 FILES "A:*.*" 
835 PRINT 
850 LINE INPUT "ENTER FILE NAME FOR ENTRY";KS$ 
855 INPUT "ENTER NUMBER OF FILES";DD 
860 IF KS$="" THEN GOTO 910 
870 KT$(I) = LEFT$(KS$,12) 
900 KBUF = DD 
920 IF KBUF = 0 GOTO 120 
9400PEN"I",Il,KTS(1) 
950 FOR 12 = 1 TO KBUF 
960 INPUTll,NP( 12) ,PSTP,NECO,PRES( 12) ,VINC 
970 INPUT II, ITPP,NSCN,SLPE,KTS( 12) 
975 PRINT "LOADING FILE NUMBER"; 12 "WITH FILENAME ";KTS( 12) 
980 NS(12) = NP( 12)/NECO 
990 FOR I = 1 TO NS(12) 
1000 INPUT dl,PDEL<I,12) 
1010 NEXT I 
1020 FOR I = I TO NP( 12) 
1030 I NPUT /11, XS ( I , 12) , YS ( I , 12) 
1040 NEXT I : GOTO 1050 

THIS SECTION IS A KLUG TO UNCONVOVLE THE LINKED DATA AND LIST 
IT IN ITS PROPER TIME SEQUENCE. 

104 I K = 0 : FOR I = 1 TO 3 
1042 FOR Jl = 1 TO 10 
1043 K = K + 1 : L = 3*Jl+I-3 
1044 XS(K,II) = XS(L,J) YS(K,ll) = YS(L,J) 
1045 NEXT Jl : NEXT I 
1046 FOR I = 1 TO 30 
1047 XS(I,J) e XS(I,ll) YS(I,J) = YS(I,II) 
1048 NEXT I : RETURN 
1050 NEXT 12 : CLOSE II 
1060 RE TURN 

THIS ROUTINE DISPLAYS THE LOCAL (MEMORY) DIRECTORY AND ALLOWS 
VIEWING OF THE DISK DIRECTORY AS WELL. 

1220 PR1NT:PR1NT" **** •• * LOCAL DIRECTORY .**.***" 
1230 PRINT:PRINT" FILE NUMBER FILENAME" 
1240 FOR lei TO KBUF 
1250 PRINT" ";1;" ";KT$(I) 
1260 NEXT I 
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1270 PRINT: INPUT "ENTER 1 TO VIEW DISK DIRECTORY";DS 
1280 IF DS=1 THEN GOTO 129D ELSE GOTO 1300 
1290 RESET: FILES "A:".*" 
1300 RE TURN 

THIS ROUTINE LISTS THE AMPLITUDE AND TIME VALUES OF A DATA 
FILE 

REM THIS ROUTINE PROVIDES A LISTING OF X,Y DATA. 
PRINT:INPUT "ENTER FILENUMBER TO BE LISTED.";KDIS 
IF KDIS = 0 GO TO 1400 

1310 
1320 
1330 
1340 
1360 
1370 
1380 
1390 
1400 

PRINT:PRINT "FILE NUMBER";KDIS;"WITH FILENAME ";KT$CKDIS) 
PR I NT: PR I NT "I X Y" 
FOR 14=1 TO NPCKDIS) 
PRINT" ";14;" 
NE XT 14 
RETURN 

";XSC 14,KDIS);" " ; YS C 14, KD IS) 

THIS ROUTINE CORRECTS THE ECHO TIME BY TAKING INTO ACCOUNT THE 
PULSE WIDTHS, WHICH ARE ENTERED AS VARIABLES. 

1410 REM THIS ROUTINE ADDS A TIME COORDINATE CORRECTION. 
1430 PRINT: INPUT "ENTER FILENUMBER OR 100 FOR ALL FILES FOR TIME 
CORRECT";KJ 
1442 PRINT:INPUT "ENTER \'IIDTH OF PULSE lCiN NANOSECONDS).";Pl 
1444 PRINT:INPUT "ENTER WIDTH OF PULSE 2CIN NANOSECONDS).";P2 
1445 IF KJ <> 100 GO TO 1450 
1447 FOR J = 1 TO KBUF 
1450 IF KJ <> 100 THEN J = KJ 
1455 FOR K c 1 TO NSCJ) 
1460 FOR 13=K TO NPCJ) STEP NSCJ) 
1470 IF 13 > NSCJ) THEN GOTO 1490 
1480 XC=XSCK,J) 
1490 X=XSCl3,J) 
1500 XSC 13,J)=X+2"PDELCK,J)+CP2-Pl )-XC 
1520 NEXT 13 
1530 NEXT K 
1532 KDIS = J : GOSUB 1041 GOSUB 400 
1535 IF KJ • 100 THEN NEXT 
1550 RETURN 

THIS ROUTINE PLOTS THE REDUCED AND TIME CORRECTED FILE ON A 
HEWLETT-PACKARD X-V PLOTTER. 

1570 REM PLOT DATA ROUTINE 
1575 LPRINT "SC",1000,6000,1550,19550,";" 
1582 INPUT "ENTER FILENUMBER TO BE PLOTTED";KDIS 
1 585 FOR I = 1 TO NP C KD I S')- -" 
1590 XP% = 17500 - 1500"CCYS(C#KDIS)/YSC1,KDIS»"11) 
1595 YP% = XSCI,KDIS) "'-
1598 PRINT I,YP%,XP% 
1600 LPRINT "PA",XPS,yp:r:,";" 
1605 LPRINT "SM";" 
1615 NE XT I 
1620 RETURN 
1670 RETURN 

THIS ROUTINE DISPLAYS A DATA FILE USING THE CAT-lOa GRAPHICS 
CAPABILITY. 

1680 REM DISPLAY DATA 
1690 PRINT:INPUT "ENTER FILENUMBER TO DISPLAY";KDIS 
1691 GOSUB 1700 
1692 TT • PEEKC&H2C) 
1693 IF TT = 144 GOTO 1695 
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1694 GOTO 1692 
1695 OUT &HC2,&H80 : OUT &HCC,&H88 PRINT CHR$(12) 
1696 RETURN 
1700 REM PLOT ROUTINE 
1705 CALL INIT: CALL CLRSCR 
1710 CALL MOVCUR(XO%,YO%) 
171 I CALL OUTLIN(XL:::,YOI) : CALL MOVCUR(XOI,YO%) 
1715 CALL OUTLIN(XO%,YL%) 
1716 GOSUB 500 
1718 DY = YMAX/(YMAX - YNIM + • I) 
1719 OX = XMAX/(XMAX - XS(I,KDIS)+IOO) 
1720 FOR I = I TO NP(KDIS) 

THESE STATMENTS ARE CHECKING FOR THE PROPER LIMITS ON THE 
DISPLAY SCREEN ( 465 X 590). 

1724 IF XS(I,KDIS) = 0 THEN XU(I) m 0 : GO TO 1728 
1725 XTI(I) = INT«(~S( I,KDIS)-XS(I,KDIS)+100)/XMAX)*500*DX) + 50 
1726 IF XTr,( I )<0 OR XT%( I) > 575 THEN XT%( I) = 575 
1728 IF YS( I,KDIS) = 0 THEN YT~(I) = 0 : GOTO 1740 
1730 YTI(I) = INT«(YS(I ,KDIS)-YNIM + .1)/YMAX)*375*DY) + 50 
1732 IF YT:b(I)<O OR YT%(1»450 THEN YTI(I) = 450 
1740 CALL OUTPT(XT%(I ),YTS( I» 
1745 NEXT I : RETURN 

THIS PART OF THE DISPLAY ROUTINE IS WHERE AN EDITTING CURSOR 
I S I MPL I ME NTE D. 

1750 FOR I = I TO NP(KDIS) 
1755 CALL ERAPT(XT%(I),YT%(I» 
I 75 7 CAL LOU T P T ( X T % ( I) , YL::: ) 
1760 TT = PEEK(&H20) 
1762 IF TT = 129 GOTO 1780 
1764 IF TT = 132 GOTO 1770 
1765 GO TO 1760 
1770 POKE &H20,130 : YS(I,KDIS) 
1780 POKE &H20,130 
I 785 CAL L ERA P T( X T % ( I) , YL::: ) 
1787 CALL OUTPT(XT%(I),YT%(I» 
1790 NEXT I 
1795 RETURN 

o GOTO 1790 

THIS ROUTINE IS USED TO DO A LEAST SQUARE FIT OF THE DATA TO 
THE VELOCITY-CHANGING COLLISIONS DECAY CURVE. GAMMA AB AND DELTA U 
ARE INPUT AS CONSTANTS, ~/HILE GAMMA VC IS SOLVED FOR, THEN DELTA U IS 
VARIED AND THE PROCESS REPEATED. THE USER DECIDES WHEN A MINIMUM HAS 
BEEN REACHED. 

1600 REM ECHO DECAY FIT ROUTINE 
1810 PRINT:INPUT "ENTER FILENUMBER TO BE FIT";KDIS 
1830 PRINT:PRINT "FILENAME ";KT$(KDIS) 
1860 PRINT: INPUT"ENTER WAVELENGTH OF LASER( IN MICRONS).";WL 
1870 PRINT ,"WAVELENGTH (MICRONS) = ";WL 
1880 WN=2*3.1415926#/(WL*.000001) 
1890 PRINT: INPUT"E~ITER DIPOLE MOMENT DECAY CONSTANT(ltl (I/SEC».";GA 
1900 PRINT ,"DIPOLE DECAY CONSTANT (I/SEC) = ";GA 
1910 FOR 1=1 TO NP(KDIS) 
1920 XS( I,KDIS)=XS( I,KDIS)*IE-C9:YS( I,KDIS)=YS( I,KDIS)+GA*XS( I,KDIS) 
1930 NE XT I 
195C PRINT: INPUT "ENTER INITIAL ESTIMATE FOR DELTA U (IN M/SEC).";DU 
1955 KJ = 3 : DO = .05 
1959 PRINT;KT$(KDIS);" B M U 
SDS" 
1960 FOR J = I TO KJ 
197C U = DU - (J-I)*DD 
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1980 SI=O:X=O 
1990oEL=IXSll,KolS)/20)*WN*U/4 
2000 FOR 1=1 TO 20 
2010 X=I*oEL+X 
2020 XX=-X*X 
2030 SI=SI+EXPIXX)*oEL 
2040 NEXT I 
2050 TPll)=SI 
2060 FOR 11=2 TO NPIKoIS) 
2070oEL=IXSCll,KCIS)-XSCll-l,KoIS»*WN*U/4 
2080 X=XS C I 1 ,Ko I 5) *WN*U/4 
2090 XX=-CX*X) 
2100 TPC 11 )=TPC 11-1 )+CEXPCXX)*oEU 
21 lONE XT I 1 
2120 FOR Jl=1 TO NPCKoIS) 
2130 TPCJ1)=XSCJl ,KoIS)*Cl-C4/CWN*U*XSCJl ,KoIS»)*TPIJ1» 
2140 ~JEXT Jl 
2150 Y2SUM=0:T2SUM=0:TSUM=0:YSUM=0:TYSUM=0 
2160 FOR 12=1 TO NPCKoIS) 
2170 T2SUM=T2SUM+TPCI2)r2 
2180 TSUM=TSUM + TP(12) 
2190 Y2SUM=Y2SUM+YSCI2,KOls)r2 
2200 YSUM=YSUM+YSC 12,Ko1S) 
2210 TYSUM=TYSUM+TPCI2)*YSI12,KoIS) 
2220 NEXT 12 
2230 M=CTYSUM-TSUM*YSUM/NPCKoIS»/CT2SUM-TSUM r 2/NPCKoIS» 
2240 B=YSUM/NPCKoIS)-M*TSUM/NPCKoIS) 
2250 SoS=O 
2260 FOR 13=1 TO NPCKoIS) 
2270 SoS"CYSC 13,KoIS)-CB+M*TPC 13»V2+SOS 
2272 NEXT 13 
2275 50S = SQRCSoS/NPCKoIS» 
2290 ACJ,I)=B:ACJ,2)=M:ACJ,3)=U:ACJ,4)=SoS 
2300 PRINT II It;Jj" niB:" u:M;" ";U;" 11;505 
2310 NEXT J 
2320 PRINT: INPUT"ENTER 3 PARAMETERS:oELTA U,STEP SIZE,NO. 
STEPS";oU,oo,KJ 
2330 IF KJ=O THEN KJ=3:IF 00=0 THEN 00=.05:IF OU = 0 THEN GOTO 2350 
2340 GO TO 1959 
2350 RETURN 
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APPEND I X D 

THE NUTATION DATA ANALYSIS PROGRAM 

This appendix contains the I ist of MNUTFIT.BAS, the data 

analysis program. This Basic program runs under Microsoft Basic. 

It takes the reduced data fi les from a nutation experiment and 

a I lows the user to do a I east squares fit either to astra i ght 

I ine. There are two methods of least square fit, one makes use of 

the initial nutation signal as a point at infinite time, the other 

method does not. 

I 'NUTATION FIT PROGRAM UPDATE 6/2/81 
30 DIM XSC44,11) ,YSC44,11),NPCIO),TPC40) ,NSCIO) 
50 DIM KT$CI0),PRESCI0),PDELC3,IO),XT%C44),YT%C44) 
55 DIM XT(44),YTC44) 
60 INIT = &HAOOO : CLRSCR = &HA003 : OUTPT = &HA006 
62 ERAPT = &HA009 : MOVCUR • &HAOIB : OUTLIN = &HAOIE 
70 XO% = 10 : YO% = 50 : XL% = 500 : YL~=450 
110 KOPT=I:KDIS=I:KBUF=I:KCUR=I:SS=I 
120 PRINT:PRINT" ""*"**""""" 

THE MENU SELECTION FOR THE NUTATION ANALYSIS PROGRAM 

130 PRINT:PRINT"THE FOLLOWING OPTIONS ARE AVAILABLE:" 
140 PRINT"I LOAD DATA 2 LSF METHOD "" 
ISO PRINT"3 DIRECTORY 4 LISTINC OF DATA" 
160 PRINT"5 PLOT DATA 6 DATA COMPARE" 
170 PRINT"7 DISPLAY DATA 8 LSF METHOD 12" 
180 PRINT"9 EDIT DATA 10 EXIT" 
190 PRINT: INPUT "ENTER NUMBER OF DESIRED OPTION";KOPT 
200 ON KOPT GOTO 220,230,240,250,260,270,280,300,290,305 
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THE BASIC JUMP TABLE 

210 COTO 120 
220 GOSUB 000: GOTO 120 
230 GOSUB 1410 : GOTO 120 
240 GOSUB 1220: GOTO 120 
250 GOSU8 1310: GOTO 120 
260 GOSU8 1570: GOTO 120 
270 GOSUB 2000: GO TO 120 
280 GOSUB 1690 : GOTO 120 
290 GOSUB 320:GOTO 120 
300 GOSUB 1800 : GOTO 120 
305 END 
320 REM EDIT ROUTINE 

THIS IS THE DATA EDIT ROUTINE IT IS THE SAME AS THAT IN 
APPE ND I XC. 

THE ROUTINE AT STAMENT # 400 IS ALSO IN APPENDIX C. 

THE MAX AND MIN FINDING ROUTINE TOO. 

THE STANDARD CMETHOD '1) LEAST SQUARE FITTING ROUTINE IS THE 
SAME AS IN APPENDIX C. 

THE ROUTINE TO LOAD DATA INTO MEMORY CAN BE FOUND IN APPENDIX 
C. 

THE LOCAL 0 I RECTORY ROUT I NE I S THE SAME AS IN APPE ND I XC. 

THIS ROUTINE LISTS A REDUCED DATA FILE, SEE APPENDIX C. 

THIS ROUTINE TAKES THE LOG OF THE RAW NUTATION DATA AND 
PREPARES IT FOR t~ETHOD 'I LEAST SQUARES FIT. 

1410 REM LSF METHOD #1 
1415 INPUT "ENTER FILE NUMBER TO BE FIT ";KDIS 
1420 NN = 0 
1425 FOR I = 2 TO NPCKDIS) 
1430 tiN = NN + I 
1435 YTCNN) = LOGCABSCYSCI,KDIS)-YSCI,KDIS») 
1440 XTom) = XSCI,KDIS) - XSC1,KDIS) 
1445 NEXT I 
1450 GOSUB 61CJ 
1455 PRINT "FILENAME ";KT$(KDIS) 
1500 PRINT:PRINT"GAMA*PRESS -YO (SLOPE) YCINFINITY) SDS 
CRESIDUAL SUM) 
1505 SDS 0 
1510 FOR I = 1 TO NN 
1516 SLS = -1 *CEXPCB»* CEXPCM*XT( I» )+EXPCYTC I) )+YS C 1+1 ,KD I S) 
1517 SDS = SDS +CSLS - YSCI+l,KDIS»'2 
1520 NE XT I 
1525 SDS = SQRCSDS/NN) 
1530 PRINT:PRINT M,-I*EXPCB) ,EXPCYTC I) )+YSC2,KDIS) ,SDS 
1535 RETURN 

THIS ROUTINE PLOTS THE NUTATION DATA ON THE HEWLETT-PACKARD X
Y PLOTTER. 

1570 REM PLOT OATA ROUTINE 
1575 LPRINT "SC",1000,8000,1100,16000,";" 
1582 INPUT "ENTER FILENUMBER TO 8E PLOTTED";KDIS 
1585 FOR I = 2 TO NPCKDIS) 
1590 
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XP%=21000-20000*(LOG(YS(I,KDIS)-YS( I ,KDIS»/LOGCYS(1 ,KDIS)-YSC2,KDIS) 
) ) 

1595 YP% = XSCI ,KDIS)-XSC1,KDIS) - XSC2,KDIS)-XSC1,KDIS) + 1100 
1598 PRINT I,YP%,XP% 
1600 LPRINT "PA",XP%,YP%,";" 
1605 LPRINT "SM*;" 
1615 NE XT I 
1620 RETURN 

THE DATA DISPLAY ROUTINE IS THE SAME AS IN APPENDIX C. 

THIS ROUTINE IS METHOD /12 LEAST SQUARES FIT TO THE NUTATIOtJ 
DATA. IT USES THE INITIAL PULSE tWTATION SIGNAL AS A DATA POINT AT 
LONG TIMES. 

1800 REM LSF METHOD 12 
1810 INPUT "ENTER FILE NUMBER TO BE FIT";KDIS 
1815 INPUT "ENTER APPROX. FOR GAMMA*PRESSURE";GP 
1£20 GP = GP + .000005 
1822 PRINT "FILENA~E ";KT$CKDIS) 
1823 PRINT:PRINT "GAMA*PRESS -YO CSLOPE) YCINFINITY) SDS 
(RESIDUAL SUM) 
1825 FOR J = 1 TO 5 
1830 GP = GP - .000005 
1835 NN = 0 
1840 FOR I = 2 TO NPCKDIS) 
1845 NN = NN + 1 
1850 YTCNN) = YS(I ,KDIS) 
1655 XTCNN) = EXP(-I*ABSCGP*(XSCI ,KDIS)-XSC1,KDIS»» 
1860 NEXT I 
1865 GOSUB 610 
1870 SDS 0 
1875 FOR I = 1 TO NN 
1881 SLS = M*EXPC-l*ABS(GP*CXSC l+l,KDIS)-XSC1,KDIS»» + B 
1882 SDS = SDS + CSLS - YTCI)V2 
18B5 NE XT I 
1890 SDS = SQRCSDS/NN) 
1895 PRINT GP,M,B,SDS 
1900 NE XT J 
1905 INPUT TT : RETURN 

THIS ROUTINE DISPLAYS BOTH THE RAW DATA AND THE BEST FIT 
STRAIGHT LINE ON THE CAT-l00 GRAPHICS DISPLAY. 

2000 REM DATA COMPARE ROUTINE 
2005 INPUT "ENTER DATA FILENUMBER";KDIS 
2010 PRINT: INPUT "ENTER GAMMA*PRESSURE YALUE";GP 
2015 PRINT:INPUT "ENTER -YO VALUE";M 
2020 PRINT:INPUT "EtHER YCINFINITYl YALUE";B 
2025 Nfl = 0 
2030 FOR I = 2 TO NPCKDIS) 
2035 NN = NN + 1 
2040 XSCNN,11) = XSCI ,KDIS) - XSC1,KDIS) 
2045 YSCNN,11) LOGCB-YSCI,KDIS» 
2050 NEXT I 
2055 NPCll) = NN 
2056 KDIS = 11 
206C GOSUB 1700 
2065 I = 1 
2070 XTCI) = INTCCCXS(I,II)-XSC1,11)+100)/XMAX)*50C*DX)+50 
2075 YSC 1,11) = M*EXPC-l*ABSCGP*XSC I ,II») + 0 
2076 YSCI ,11) = LOGCABSCB-YSC I ,I 1») 
2080 YTC I) = INTC C CYSC I,ll )-YNIM+l )/YMAX)*375*DYl+50 
2085 IF I <> 1 GOTO 2095 
2090 I = NN : GOTO 2070 

2095 CALL MOYCURCXT(1),YTC1» CALL OUTLINCXTCNN),YTCNN» 
2100 TT = PEEKC&020) 
2105 IF TT = 144 GOTO 21 1 5 
21 10 GOTO 2100 
2115 OUT &HC2,&H80 : OUT &HCO,&H88 PRINT CHR$CI2) RETURN 
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APPEND I X E 

THE E XPE R I ME NT PROCE DURE S 

This appendix contains a I ist of procedures to assist in 

the use of the computer programs to co I I ect data for Echo and 

Nutation Experiments. The procedures include; equipment 

initial ization, loading and executing the programs. 

STart-up Procedure 

1. Turn on water supply to laser and crystal 

2. Turn on power to the following equipment: 
a. pulser box and current amp box 
b. stabi I i zation box to standby 
c. Boxcar 
d. Video Display 
e. H.V. to laser on standby 
f. H.V. to PZT to standby 
g. scopes 
h. Velonex to desired voltage 

3. cool detectors to LN2 temperatures 
a. when detectors reach 77 K turn on power 
b. plug in C-Cor pre-amp 

4. Start and lock laser 
a. voltage is approx. 4500v 
b. current is approx. 20 ma 
c. find the des i red C02 line us i ng the monochromator 
d. set PZT voltage or H.V. to Stab. box to 950 v 
e. observe signal from Au:Ge det., fine adjust 

crystal position and micrometer on laser unti I the 
switching transient (see Chap. 3) is eliminated. 

e. turn stabi I ization control.to lock 
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Load and Execute Programs 

1. Locate disk with XDB.COM, MACH.RTN, and ECH081.BAS or 
NUTATE81.BAS 

2. Place disk in drive A 

3. Boot CP/M 

4. Execute XDB 
a. enter return for "highest memory" prompt, this 

should default to a 32K CP/M system size 
b. enter LOAD "ECH081" or "NUTATE81" 
c. when it returns OK, enter RUN, the program wi I I 

now load the mach i ne rout i nes automat i ca I I y. To 
prevent it from loading them delete statement #8 
before running. 

5. The program wi II display the following menu after it 
loads the machine language routines. The echo program 
wi I I be used as an examp Ie, the nutat i on program wi I I be 
also be discussed. For the remainder of this discussion 
the computer response wi I I be presented in cap i ta Is, 
followed by an explanation in lower case. 

1 FOR A COMPLETE RUN 
2 FOR A CHANGE OF INTEGRATION TIME NUMBER OF SCANS 
3 FOR A CHANGE OF INITIAL PULSE SEPERATION ONLY 
4 SUBTRACT TWO BUFFE RS 5 D I SPLAY 
6 I NCRE ME NT BUFFE R NUMBE R 7 RE PE AT RUN 
8 EXIT 9 DIRECTORY 
10 NEW START 11 RECOVERY 

ENTER MODE? 
Enter 1, return. 

ENTER 7 CHARACTER FILENAME 
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The first 6 characters are tota I I Y arb i trary. Char. 7 
wi I I be rep I aced with an "R" or an "S" when the f i I e has been 
reduced or subtracted. Char. 8 wi II be an "L" when the fi Ie is 
linked with other files. The extent of a data file is the 
pressure for that exper i ment in tenths of mil I i torr. 

ENTER PRESSURE IN MILLITORR 
This is the pressure of the current experiment. It must be 

entered in the fo I low i ng format; xx. x mtorr. Some examp I es are 
"12.1" mtorr, "22.0" mtorr, "09.2" mtorr, "00.2" mtorr. 
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INPUT PULSER RANGE (HI = 1, LOW = 0) 

This pertains to the pulser box clock. It has always been 
set at 20 Mhz which is HI so a 1 is entered here. 

INPUT NUMBER OF INITIAL PULSE STEPS 
Experiments can have from to 6 initial pulse 

separations. For echo experiments one data buffer wi II consist of 
an initial separation followed by separations derived from it by 
adding additional steps. Multiple initial separations can be run 
at the same time by entering a number other than 1 here. For 
example all echo data taken here used 3 whi Ie nutation generally 
used a 2. 

INPUT INITIAL PULSE SEPERATION IN UNITS OF NANOSECONDS 
Th is request wi I I be repeated as many times as i nd i cated by 

the previous arguement. It wi II be the initial delay time between 
pulse #1 and #2. For 3 inputs, typical numbers are 800,900,1000 
nsec for a short echo experiment and 800,3800,6800 for a long echo 
experiment, nutation experiments will use 800,1050. After all 
in it i a I separat ions are entered the pu I ser box wi I I be set at the 
first seperation time. 

INPUT PULSE STEP SIZE (SAME UNITS) 
Th is is the de I ay increment that wi I I be added to the 

initial separation to get the total delay time for each 
experiment. For example use 300 nsec for the echo expo and 500 
for the nutation numbers used so far. Note: this number is not 
totally arbitrary, it is choosen so that multiple experiments 
either are overlaped or serialy connected. 

INPUT NUMBER OF ECHO RUNS (DECIMAL) or 
INPUT NUMBER OF DELAYED NUTATION STEPS <DECIMAL) 

Th i sis the number of steps that wi II be performed for each 
initial delay time. A number here of 10 wi II work well for echo 
and 15 is fine for nutation. Again this number wi II depend on the 
step size entered and the desired length of the experiment. 

TOTAL TIME REQUIRED FOR EXPERIMENT IS XXXXX MICROSECONDS 
This response indicates the total length of time that the 

boxcar window must cover if it is to collect data from all the 
experiments just set up. 

INPUT APERTURE DELAY RANGE 
The Boxcar is set at a long enough range to inc I ude the 

time indicated above, then this setting is entered into the 
program. Note, the input must be a val id PAR Boxcar setting. 
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SET BOXCAR GATE TO CENTER OF FIRST ECHO, THEN BACK OFF ONE PULSE 
STE PSI ZE • THE N HIT CR 

This procedure initializes the time for the echoes and 
guarantees that the echoes wi I I fa I I with i n the Boxcar window. 
For echo experiments the Boxcar sweeps over a period of time equal 
to twice the pulse step size, since echoes move in time at twice 
the pulse separation rate. For nutation this response wi II read 

SET BOXCAR GATE TO 50 NANOSECONDS BEFORE FIRST PULSE THEN CR 
For nutation experiments the program first scans the 

response of the first pulse then it does the delayed pulses. So 
setting the Boxcar gate proir to the first pulse is necessary. 

INPUT INTEGRATION TIME PER POINT(TENTHS OF MSEC) 
This time is how long the Boxcar will sit at each time 

point. The values here are special numbers which correspond to an 
integral number of groups of experiments (see Chap. 4). The 
current values are 27,41,54,68,or 82. 

INPUT NUMBER OF SCANS PER RUN 
Th i sis the number of times that the who I e process wi I I be 

repeated. It is the number of times that the values are added 
into the computer memory. F ina lsi gna lsi ze can be contro I I ed by 
this input easi Iy, but it increases experiment time too. A 
typical range is 40-80. 

Once that number is entered the program beg i ns to take 
data. A useful thing to do is to run the experiment while 
monitoring the pulse generator and the boxcar output. This should 
look like Fig. 19. The program increments a counter on the screen 
for each new scan. When the number of scans is comp I eted the 
program automat i ca I I Y d i sp I ays the data for the last in it i a I pu I se 
separation on the CRT. The experiment parameters are also 
d i sp I ayed on the screen. A CR wi I I return the user to the 
original menu. 

Once a comp I ete run has been performed add it i ona I runs 
can be modifications of it. Option 2 of the menu allows the user 
to on I y change the I ast two parameters, i ntegrat ion time and 
number of scans, wh i I e a I I the rest rema i n as they were. Opt i on 3 
will only change the initial pulse separations. Option 7 will 
repeat a run with the i dent i ca I format, but it wi I I request a new 
pressure, so it can be used if only the pressure is being changed. 
Each initial time is allocated a buffer number. The memory wi II 
hold up to 6 buffers. If an experiment has 3 initial pulse 
separations, only 2 such experiments can be performed before they 
must be saved to the disk. When experiments are performed, the 
buffer numbers are NOT incremented so that a repeat run option 
wi I I save the new data on top of the 0 I d data. Th i s prob I em is 
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solved by Option 6 which increments the current buffer number to 
one beyond the last exper i ment. The directory opt ion, # 9, lists 
the fi lenames and their buffer numbers. Some experimentation wi II 
make it c I ear how th i s works. The directory opt i on a I so a I lows 
the user to view the disk directory. 

ENTER 1 TO VIEW DISK DIRECTORY 
Any other entry bypasses this option. Then the program 

responds with, 

ENTER FILENUMBER TO LINK 
A CR wi I I bypass th i s mode and return the user to the 

basic menu. Otherwise the filenumbers entered here will be 
I inked together and stored on the disk. The program responds with 
this prompt for multiple entries unti I a blank is entered. 

Option 4 gives the user the capabi I ity to subtract two 
data buffers. The program first requests the background buffer 
number. Then it requests the data buffer number, this buffer is 
inverted and added to the background buffer. The result being 
stored in the data buffer area. So that the background buffer is 
unmodified and can be used several times. Note that a second 
repetition wi II restore the original data buffer. 

Opt ion 11 is inc I uded to protect aga i nst loss of data 
during disk operations. If a disk operation fai Is the program can 
be restarted by the' usua I G100 capab iii ty, wh i ch restores the user 
in BAS I C. A RUN wi I I then restart the program (remember to de I ete 
statement #8 if the MACH.RTN fi les are already present). 
E xecut i ng opt i on 11 wi I I then restore the directory and data f i I es 
as they were prior to the disk fai lure. 

Opt i on 10 restarts the program, c I ear i ng a I I data 
buffers, without reloading the MACH.RTN fi les. It is necessary to 
do a new start after saving the fi les on disk if one wishes to 
begin with buffer number 1 again. 

Option 5 wi I I display any buffer on the CRT and display 
the parameters associated with that buffer on the computer screen. 
After entering "5" for the mode, the program requests the buffer 
number for display. 

Option 8 simply exits the program, leaving the user in 
Basic. 



APPENDIX F 

DATA REDUCTION PROCEDURES 

This appendix contains a I ist of procedures to assist in 

the use of the computer program for data reduction for Echo and 

Nutation Experiments. Program promts and responses appear in 

capital letters, left justified, these are followed by an 

explantation in lower case. 

Append i x E exp I a i ned the techn i que of co I I ect i ng data and 

stor i ng it on a magnet i c disk. The data is stored by f i I ename and 

each f i Ie conta i ns one to six sets of exper i ment resu Its. These 

fi les consist of Hex numbers which describe the signal size for 

over a thousand points. It is the purpose of the data reduction 

program to help the experimenter sift the important numbers out of 

these f i I es. 

The disk containing the program NEWREDUL.BAS is loaded 

into the disk drive and booted up. XDB BASIC is next executed and 

the program loaded. A RUN command is issued by the user, th is 

automat i ca I I Y load s mach i ne I anguage rout i nes used by the Bas i c 

program. Statement #8 is the GOSUB 6000 instruction which 

initiates this loading, this statement can be deleted if the 

MACH.RTN fi les has already been loaded. 

158 



159 

The program then present the user with the following menu, 

ENTER MODE FOR DATA REDUCTION PROGRAM 

BUFFE RS MUST BE RE DUCE DIN I NCRE AS I NG ORDE R 

1 
2 
4 
6 
8 

10 

ECHO DATA REDUCTION 
NUTATION DATA REDUCTION 
SUBTRACT TWO BUFFERS 
LIN K AND SAVE 
LOAD DATA 
NEW START 

5 
7 
9 

11 

D I SPLAY A BUFFER 
RE COVE R 
D I RECTORY 
EX IT 

A number of these opt ions work i dent i ca I I Y to the same 
options discussed in Appendix E. In fact the program subroutines 
are also identical. Options 4,5,7,9,10,11 all perform just as 
prev i ous I y descr i bed, so they wi I I not be discussed in deta i I 
here. The one sl ight exception is the DIRECTORY option which now 
is NOT used to save data to the disk. Th i s f unct i on has been 
given to option 6. 

The comment pr i or to the men u req u i res a I itt I e 
exp I anat ion. When f i I es are loaded from the disk to memory they 
are assigned a fi lenumber. The fi lenumber can be found by using 
the DIRECTORY option. When fi les are reduced they should be done 
so in an i ncreas i ng order of th i s f i I en umber • It is not known 
what wi II happen if this rule is not followed! 

This program uses a separate CRT screen for data display, 
th i sis contro I I ed by the para I I e I ports and DAC' s. 
An HP 1300 X-Y Display is currently connected to the system. 
Once this is turned on, the user should load a disk containing 
data fi les into the disk drive and execute option 8. This wi II 
display the disk directory on the computer screen and prompt the 
user as follows; 

ENTER FILENAME FOR LOADING 
The user shou I d now type the first f i I ename, with extent, 

that is des i red for ana I ys is. These f i I es shou I d be the data from 
the data co I I ect i on programs. Th i s prompt wi I I be repeated unt i I 
the user enters just a CR or 6 fi les are entered. 
Note: if the data was not subtracted at the time of collection it 
is necessary to enter 3 data f i I es and 3 background f i I es so they 
can be subtracted before ana I ys is. The program then beg ins to 
load the data and informs the user. 

ENTERING FILENUMBER XX WITH FILENAME XXXXXXXX.XXX 
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This process will take several minutes. When it is 
comp I eted the program returns with the menu. At th i s po i nt the 
user can begin to reduce the Echo or Nutation data. If the data 
to be ana I yzed is Echo data enter "1", if the data is from the 
Nutation experiment enter a "2". 

ENTER F I LENUMBER? 
Enter the number of the f i I e to be ana I yzed. The program 

displays the fi lename, number and all of the parameters that were 
saved with the data fi Ie. It then displays the following 
instructions; 

CNTRL A - ADVANCE POINTER 
CNTRL F - FAST FORWARD 

CNTRL D - DECREMENT POITNER 
E NTE R S TE PSI ZE ? 

The data points are to be displayed, one buffer at a time, 
on the X-Y display. A cursor is also displayed, which can be 
moved from point to point along the data. A Control A wi I I move 
the cursor forward, A Contro I D wi I I back it up. The Contro I F 
was implemented prior to having auto repeat, it moves the cursor 
is steps. The step size is user defined through the requested 
entry. This options can be ignored by simply entering a CR. The 
program then displays, 

CR OR SP SAVES THE POINTER VALUES 
When the CR is first entered the data should be displayed 

on the screen. The user can now move the cursor to a desired data 
point, see Chapter 7 for a definition of what data points have 
been used in this study. With the cursor located at that point, a 
Carriage Return (CR) or a Space (SP) entry wi I I save the value of 
that data point in memory. The user can then move on to the next 
data point and save it, and so on. 

Up to this point it the process for Echo and Nutation are 
the same. I f the data is Echo data and a "1" opt i on was entered 
the program expects the user to select three (3) points for each 
data buffer. If the data is Nutation, it expects only two (2) 

points per buffer. Note: if the cursor is not moved from its 
initial position and a CR is entered the buffer wi II be skipped 
comp I ete I y. Th ismay be des ired if for some reason the data is 
poor or bad. Once the correct number of data po i nts have been 
choosen the progam reponds with, 

FOR ECHO NUMBER xx 
O.K.? 

or 

FOR STEP NUMBER xx 
O.K? 

X= xxxxxx NANOSEC 

X= xxxxxx NANOSEC 

Y= xxxxxx 

Y= xxxxxx 
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The first response is for Echo data the second for Nutation 
data. The first number indicates the buffer number just analyzed. 
The X value is the average time of the points selected, and the Y 
va I ue is the LN of the signa lsi ze as def i ned in Chapter 7. If 
these va I ues are sat i sfactory a CR entered wi I I proceed to the 
next buffer. But if a mistake was made, entering any number from 
1-9 and a CR wi I I repeat the I ast buffer. The process can then be 
done over unt i I the resu I ts are sat i sfactory. 

A F ina I poss i b iii ty is that the data is so I arge that is 
wraps around the screen. If the wrap around is only once the data 
can be recovered by entering a number larger than 10. This wi II 
reproduce the previous buffer and the user must select the desired 
points again. But this time the computer wi II respond with two 
sets of numbers. These are the raw data va I ues. One set 
corresponds to the actual memory values, the second set has been 
adj usted for a sing I e wrap around. E ssent i a I I Y the second set has 
had 65536 either added or subtracted from the data value. 

X 1111111 X2222222 X3333333 
OVERFLOW VALUES ARE Yll 11 1 11 Y2222222 Y333333 
ENTER VALUES TO USE I NORDER? 

The user may now select which three values are to be used 
for the reduced data. For Nutation data the last point should be 
entered as zero. For example, if the center of an Echo is wrapped 
around on the screen, the user would elect to use valuses Xl 1 1 1 1 1, 
Y222222, X33333. These wou I d be entered at the prompt. The 
program displays the new values for the reduced data. The user 
can then move on to the next buffer by entering a CR and the O.K.? 
prompt. Or the process can be repeated unt i I the user gets it 
right. Note: if the user sees that the data is wrapped around he 
can avoid picking the desired points twice by just entering a CR 
without moving the cursor the first time the data is displayed. 
Then enter a number greater than 10 at the O.K.? response. 

Th is process is repeated unt i I a I I of the buf fers for the 
current fi Ie are exhausted. The user then moves on to the next 
fi Ie and reduces the data for its buffers. When the reduced data 
is to be saved the user enters an option 6 in the menu. 

ENTER FILENUMBERS IN ORDER TO LINK AND SAVE? 
The user respond s with the first f i I en umber to be saved. 

The prompt is repeated unt i lsi x buffer are entered or the user 
enters a CR. These f i I es are saved to the disk and the letter "R" 
is su bstatuted for the 7th character in the f i I ename to i nd i cated 
that the data is reduced data. If this fi lename is dupl icated on 
the disk the program responds with, 

ENTER A SINGLE LETTER FOR UNIQUINESS? 
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This letter is placed in the 8th character position of the 
f i I ename. Once the f i I ename is un i que the program saves the f i Ie 
and indicates with, 

SAVING REDUCED DATA WITH FILENAME XXXXXXXX.XXX 
Th i s f i I e cons i sts of a I I of the parameters assoc i ated 

with the data and the I ist of times and values generated by the 
reduction process. This fi Ie is in ASCII format so it can be read 
by MICROSOFT's BASIC program for analysis. 

To begin the process with a new set of data fi les enter an 
option #10 for a new start 



APPE ND I X G 

Acousto-Optic Frequency Switching 

The use of an acousto-opt i c for freq uency-sw itch i ng is 

well documented in the literature. The appl ication introduced 

here appl ies to switching among three possible output states. To 

better understand the need for th is, cons i der the fo I low i ng 

exper i ment. With the freq uency-sw itched I aser a pr i me advantage 

lies in hav i ng a heterodyne signa I detect i on scheme. However, 

this requires that the molecules under study are constantly 

subjected to an off resonant laser field. It would be interesting 

to be able to preserve the heterodyne aspect of the experiment and 

at the same time eliminate the off resonant field. Th i sis 

possible by using an acousto-optic modulator and applying the 

sequence of RF signals shown in Fig. 44. When the RF is off the 

output of the AO is at the I aser frequency, wo ' and the 

undeflected beam is blocked before it enters the sample. During 

the two echo producing pulses the AO element wi I I produce a field 

at the frequency Wo + RF#1, and deflect it to traverse the sample 

ce I I and fa I I on the detector. F ina I I Y at the time of the echo 

pulse the frequency is switched to Wo + RF#2, and if RF#1 and RF#2 

are not greatly different this deflected beam wi I I cover nearly 

the same path to the detector. Thus the detector sees the 

mo I ecu I ar signa I at Wo + RF# 1 and the I aser beam at Wo + RF#2 
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producing a heterodyne beat as in the frequency-switched laser 

experiment. But during the time between the pulses and from the 

pulses to the echo there was no laser field present in the sample 

cell. Further if it is also possible to control the start time of 

pu I se #3, the study can revea I. how the decay changes as the off 

resonant field is varied from completely on to completely off. 

New and striking results have been uncovered in such an exper;ment 

using a dye laser to study solids, MacFarlane and Shoemaker 

( 1979). It is. hoped that th i s same approach cou I d be extended to 

the study of molecules in the infrared. 

To this end an ISOMET model 1207A acousto-optic modulator 

was purchased and used in a configuration shown in Fig. 45. This 

AO device operates at 10.6 microns with a deflection efficiency of 

50 % at 12 watts input acoust i ca I power with a 40 Mhz center 

frequency. The element is made from a single crystal of germanium 

with an acoust i ca I transducer attached to one end. The I ens L 1 

focuses the C02 I aser beam to a wa i st at the AO element. The 

diameter of the beam waist at the element determines the rise time 

of the frequency-switched pulse, since this is given by the 

transit time of the acoustical wave. The AO dev i ce is water 

coo I ed to prevent therma I runaway due to opt i ca I or acoust i ca I 

power absorption. The undeflected beam is blocked at Bl. The two 

beams deflected into the first order by RF#l and RF#2 are 

coli imated by lens L2. These beams are directed throug h the 

samp I e ce I I to the detector. The I aser source for th i s exper i ment 
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is a nonfrequency-switched, highly stable C02 laser. The detector 

and samp I e ce I I are the same as discussed in Chapter 5. The 

computer contro I led pu I se generator served to prod uce the two 

electrical pulses whi Ie two 74121 one shots served to regulate the 

time from pulse #2 to pulse #3 as well as the length of pulse #3. 

These signals are feed into two LORCH balanced electronic 

switches, model #343. Two separate RF suppl ies, an HP mode~ 60BE 

Signal Generator and a model 606A, produce the high frequency 

modu I at i on power at 39 and 44 Mhz for RF# 1 and RF#2. F ina I I Y an 

ENI Broadband Power Ampl ifier raised the signal level to the 12 

watts necessary to achieve 50% deflection efficiency in the AD. 

This electrical layout is shown in Fig. 46. With this setup it 

was possible to detect echos. However, a poor signa I to no i se 

ratio prevented any quantitative results. But it was clear that 

there was not an unusua II y strong dependence of echo size on the 

presence of the off resonant fie I d as found in so lids by 

MacFarlane and Shoemaker (1981). 

There are two possible reasons for the poor signal to noise 

results. First, since the two initial RF sources are independent 

and at different frequencies they are not coherent in phase. 

Therefore whi Ie any single experiment may produce an echo signal 

as a heterodyne beat it is not c I ear that th i s beat frequency wi I I 

maintain the same phase from one experiment to the next. This 

could effectively negate any signal averaging capabi I ity. A 

second problem is that since the two RF signals are at sl ightly 
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different freq uenc i es ( de I F = 5 Mhz) the two I aser beams are 

deflected through slightly different angles and are only 

partially overlapped spatially. Thus only the molecules in the 

wing of both of the beams is generating the heterodyne beat. This 

can be the cause of rapid echo decay due to beam transit effects 

and the variation in the field across the molecular population 

producing the echo. A means of alleviating this problem is shown 

in Fig. 47. Here a double pass scheme through the acousto-optic 

modulator is used to produce overlapping beams from the two RF 

f r e que n c i e s • T his a r ran g em e nth a sit sow n d raw b a c k s , i nth a t 

large losses are produced at the numerous surfaces giving low 

power output. To date this technique has not been implemented, but 

it certainly deserves strong consideration in future work. 
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