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A new detector for atomic spectroscopy was developed based 

on the photoacoustic principle. A simple system was constructed 

based on this detector and applied to the trace analysis of 

mercury. The detection limit was found to be about 0.2 µg/l 

of mercury with a one milliliter sample. 
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CHAPTER I 

INTRODUCTION 

Photoacoustic spectroscopy (sometimes referred to as optoacoustic 

spectroscopy) is a technique in which a substance absorbs a pulsed 

beam,of light and transforms the absorbed energy into thermal energy 

of the surrounding gas. Within an enclosure of fixed volume, this 

slight temperature increase will produce a corresponding pressure in

crease, which will· then pulse at the frequency of the impinging light. 

This pulsing pressure is acoustic energy, or "sound," and could, in 

theory, be sensed by a microphone. 

The origins of this method are in the work done by Alexander 

'Graham Bell· and John Tyndall in the 1880's. Short histories can be 

found in the articles of Harshbarger and Robin (1), Adams, et aJ... (2}, 

Rosengren (3) and Kreuzer (4). But it was not until the late 1960's 

that it became useful as an analytical technique. This was partly due 

to development of electronic means for detecting small signals,. but 

was especially due to the development of intense monochromatic light 

sources such as tunable dye lasers. 

Trace analysis using photoacoustic spectroscopy (PAS) has mostly 

been appl~ed to measurements in the gas phase using visible. and infra

red radiation from lasers (4,5,6,7,8). It has been shown to be an 

effective method for measuring trace gases in the atmosphere which 

have very small absorption coefficients, such as n-but~e (8) and NO, 
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7 -3 down to 1.0 x 10 molecules cm (6). 

Some work has also been done studying the absorption of solids 

using PAS (8,9,10,11,12,13,14). This is usually done by using a high 

wattage continuum source such as a xenon lamp in conjunction with a 

scanningmonochromater .. Studies have even been done on nonfluorescent 

absorbers in liquid solutions by using a piezoelectric ceramic tube 

which uniquely serves as both the sample holding cell and pressure 

sensor for the light-pulse generated pressure·fluctuations (5). 

PAS has also been used as a tool for studying various reaction 

mechanisms as well as several other properties of mater~als. Harshbar-

g~r and Robin (16) studied the·quenching of iodine atoms by oxygen. 

Robin and Kuebler (17) also employed it to study relaxation of excited 

states of aromatic ketones. Wetsel and McDonald (18) have even demon-

strated the possibility of determining absolute optical apsorption 

coefficients using PAS. 

However, there has been very little use of PAS in the ultraviolet 

region compared to its use in the visible and IR. Some work has been 

done by Robin (5) using UV light to study molecular gases. But, at 

present there has been no publish~d work using PAS for the study of 

atomic absorption. 

...... 
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CHAPTER II 

THEORY 

The research objective was to determine the feasibility of detec-

ting metals with high vapor pressures, such as mercury, by a technique 

which is .essentially a combination of atomic fluorescence spectrometry 

(AFS) and photoacoustic spectroscopy (PAS). A pulsed electromagnetic 

energy is absorbed by the vapor form of the element, causing it no 

become electronically excited. In the presence of a high pressure of· 

inert gas such as nitrogen, the excited atom then loses its excess 

energy through collisional processes, which in effect, heats the gas 

slightly. This small temperature rise causes a corresponding pressure 

increase which will pulse at the same rate as the impinging light. 

The situation might be considered analogous to atomic fluores-

cence spectrometry, which has been adequately described by Winefordner 

and Elser (19) and Kirkbright and Sargent (20). In order for a signal 

to be detected, a photon of electromagnetic radiation must first be 

absorbed by the atom. This will cause an electronic excitation of the 

atom with an energy increase corresponding to the ene.rgy of the ab-

sorbed photon. 

For metal atoms, the bandwidth of energy which can be absorbed 

is very narrow, typically in the range of 0.001 -- 0.005 nm. Thus, if 

the proper frequency of radiation is used, one can very selectively 

excite only the species of interest. This could be represented for 

' 
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the mercury atom as: 

Hg+ h~ (253.7nm) +Hg* 

where·Hg represents the 150 ground state atom and Hg* is the excited. 

3p1 state. 

There are several ways for this excited atom to return to its 

ground state. Two are of main interest. here. In the absence of any 

collisional processes such as foreign atoms or container walls, the 

atom may spontaneously re-emit the absorbed photon randomly and return 

to the ground state. 

Hg*+ Hg+ h~ (253.7nm) 

This is termed resonance fluorescence and is of primary interest in 

AFS. Any process which reduces this reaction will obviously reduce 

the signal which is detected. The lifetime of the excited state is 

one important factor in AFS and for Hg*(3P1) this is on the order of 

-7 l x 10 seconds. 

If, however, the excited atom collides with a foreign atom or 

molecule before fluorescing, the excess energy may be transferred to 

this other body as energy of vibration, rotation, tr.anslation or some 

combination of these. This energy will eventually become translational 

energy, w~ich in effect, raises the temperature of the gas. 

This is termed collisional quenching and is of primary concern 

in photoacoustic spectroscopy. Conditions which favor this process 

are high pressures of for~ign molecules, especially those which are 

known to be efficient quenchers. For a gas such as nitrogen at one 
' 
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atmosphere pressure, it can be calculated from kinetic theory (see 

Appendix A ) that an efficient quenching collision occurs on the or

der of every 5 x lo-10 seconds. Therefore, an excited Hg atom will 

collide with about 200 nitrogen molecules; any one of which can absorb 

the excess energy before the atom can fluoresce. Under these condi-

tions, which are, in fact, hard to· prevent, a system which measures 

the absorbed energy of excitation that has been collisionally quenGhed 

may be an effective analytical tool. This is exactly what photoacous-. 

tic spectroscopy does. 

Since it is the ab.sorbed light energy which eventually causes 

the acoustic signal, an analysis of absorption should now be examined. 

Under Beer's law, the electromagnetic energy absorbed as light 

passing through a cell containing an absorbing species can be shown· 

to be·: 

where 

1Ab = 10 [1 - exp(-KC)] {l} 

1Ab = energy absorbed by the species 

Io =incident.energy entering the cell 

c = concentration of the absorbing species 

K = a constant which includes the ab
sorption coefficient of the absorber 
as well as a constant for the cell 
geometry such as length and incident 
angle of the light. 

This absorbed energy can now be fluoresced or quenched. The 

intensity of fluoresced energy is given by the equation (ref. 20) 

...... 



where 

Ip I 0 w Q_AT cf> 
41f 

IF = energy fluoresced 

w 

n 

·A 
T 

<I> 

= line width of exciting radiation 

= solid angle over which the excited fluor
escence is detected 

absorption factor for the spectral line 
(which depends on path length as well as 
atom concentration) 

= fluorescence yield, !.·~· fraction of ab
sorbed photons which are re-emitted as 
radiation. 

{2} 

If fluorescence and quenching are assumed to be the only forms of 

deactivation, then the energy deactivated by collisional quenching 

will be the difference in the energy absorbed and the energy fluo-

reseed. 

Iq = IAb - IF 

By using conditions under which cf> is very small, for example 

6 

high pressures of efficient quenching.molecules, the fluoresced energy 

will be small and essentially all the absorbed energy will be quenched. 

Thus, the absorbed light energy essentially becomes a temperature 

increase, which corresponds to a pressure increase within the cell. 

Assuming that the pressure transducer and amplification respond linear-

ly, a signal, S, which is then proportional to the absorbed. power, IAb 

will then be detected. With K' as the constant of proportionality, 

so that S = K'I , Equation [l} gives: 
Ab 

S = K'I [l - exp (-KC)] 
0 

..... {3} 
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This equation can be examined in the two limiting cases, where 

KC is very large and very small. 

1) For larg~ KC: 

so that 

2) For small KC: 

so·that 

exp (-KC)9: Q 

s=:K'I0 

exp (-KC)~ 1-KC 

S~K' I 0 KC 

Therefore, for concentrations above a certain value, essentially 

all the entering power is absorbed and the signal will only be pro

portional to the intensity of the light of the proper frequency which 

enters the cell. 

For small concentrations, however, the signal will be directly 

related to the concentration as well as light intensity. It is the 

dependence on light intensity which makes this technique attractive 

for PAS as it is in AFS, because for very small concentrations, one 

can receive an increased signal if ·the light intensity can be in

creased~ 

· ..... 



CHAPTER III 

EXPERIMENTAL 

The photoacoustic system used in the research is represented 

by Figure 1. 

The d.c. lamp power supply (see Appendix B) was a 550 V.d.c. 

source which could be pulsed by an external signal. It was possible to 

change the output to 1100 V.d.c. if desired. It contained settings 

for 6 different lamp currents. The lamp could also be operated in 

a continuous as well as pulsed mode. 

The light source used was a low vapor pressure mercury lamp 

(G.E., Cat. # 29924). Approximately 95% of the· light output of this 

lamp consisted of the 253.7 nm ·line of Hg. Possibly a mercury hollow 

cathode lamp could be used for the source. 

If desired, the light could be focused into the cell by a Supra

sil lens with a focal length of 50 mm. The light then entered the 

sample cell (see Fig. 2) through a quartz window and any unabsorbed 

radiation passed out through a similar quartz window at the back. The 

sample cell was constructed from a 10 mm standard wall Pyrex tubing 

approximately 6.8 cm long. The quartz windows were attached to the 

ends of the cell using clear silicone cement. 

Sample entry and exit were achieved by two 0.3 mm i.d. capillary 

tubes approximately 9 cm long. These were attached about 0.5 cm from 

each end of the cell body. The small size and long length of these 
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capillaries provided sufficient resistance to prevent significant 

acoustic power loss outside the cell. 

Connection of the cell to the microphone was provided by a 

capillary with 0.8 mm i.d. and about 9 cm in length. This larger 

size capillary offered a low enough resistance to allow the pressure 

pulse to .be transmitted to the microphone chamber without much atten-
.\ 

uation (21). This was done in order to allow the option of heating 

the cell without heating the microphone. The microphone capillary 

was attached to:an aluminum microphone housing with silicone cement. 

The microphone (see Fig. 3) was constructed around a BNC ·con-

nector to facilitate connection to the preamplifier. The microphone 

was an electret type with its diaphragm made of 0.5 mil mylar film 

with a thin metalized coating on one surface. 

In order to charge the film, it was placed on a flat glass sur-

face with the metal side down and a Tesla coil waved above it (2-3") 

for about two minutes (22). Care must be exercised·at this point in 

order not to puncture the film surface with the discharge. The film 

is then stretched across the top surface of the microphone with the 

metal side up and attached with the brass holding ring. At this point, 

the microphone should give a response of several mV on an oscillo~ 

scope when addressed in a normal speaking voice. 

The amplif.ier system (see Appendix C) consisted of a narrow 

bandpass preamp, a lock-in amplifier with optional gain and· an adjust-

able gain d.c. amplifier stage. The final output was then·monitored 

with a chart recorder with a variable full scale reading of lOmV to 

lOOV. 
....... ! 
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The controlling pulses for the light and lock-in amplifier 

were generated by a SC/MP microprocessor system (see Appendix D). 

This assured that only signals with exactly the frequency· of the light 

source were amplified. There was also flexibility .in the phase angle 

relationship of the detected signal with respect to the pulsing signal. 

Also, the duty cycle of the light pulse was easily adjustable. 

However;. both the lock-in amplifier and light pulses. had to be 

at precisely the same frequency as the narrow band-pass preamp. One 

further advantage in using the SC/MP was that the output signals could 

be attenuated with a resistor network and applied to the preamp input 

while monitoring the output on an oscilloscope. Then simple changes in 

software programming allowed the period of the applied signal to be 

changed by as little as 16 microseconds. At 22 Hz, ~his corresponds 

to increments of 0.008 Hz. Therefore, the center frequency could be 

efficiently found as well as the gain and bandwidth. For the final 

preamp used, the values were: 

fo = 22.09 Hz 

bandwidth = 0.04 Hz 

gain at fo = 2300 

Q = 550 

Initial experime~ts were conducted by replacing the rear quartz 

window with a glass slip covered with carbon black. This provided a 

blackbody for energy absorption so. that the actual response of the 

cell, microphone and amplifier system could be studied while applying · 

,pulse~ light from any source. 
...... 
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In order to assess the usefulness of the method, a system similar 

to that of Hawley and Ingle (ref. 27) was used. (See Fig. 4.) 

Purified nitrogen was used because of its relative inertness to 

the excited mercury atom. A regulator and needle valve were used to 

fill the fixed volume reservoir to a set pressure before each run. 

This was done by closing the lower three-way s~opcock and opening the 

needle valve until the reservoir reached the desired pressure .. The 

needle valve was then closed. A one ml sample was then injected through 

the. rubber septum followed by 0.2 ml of a SnC12 solution (1%Wfv SnClz) 

to reduce the mercury. By opening the lower stopcock, a fixed amount 

of nitrogen bubbled through the fritted glass and sample and carried 

the reduced mercury vapor through the drying tube into the detection 

cell. The cell could then be drained and washed by openin;g the upper 

stopcock to the atmosphere and the lower one to a vacuum f.lask. 

Before injecting the sample, the entire system was purged with 

nitrogen by opening both the lower stopcock and the needle valve. This 

was done to eliminate oxygen as much as possible because the excited 

'state of mercury reacts with it, forming mercuric oxide. For the same 

reason, water vapor must be eliminated from the cell as completely as 

possible, accomplished by a magnesium perchlorate drying tube • 

...... 
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CHAPTER IV 

RESULTS AND DISCUSSION 

The cell was tested initially to determine its absolute noise 

characteristics. In very quiet surroundings, with no light entering 

the cell, a background noise level of about 2 mV pp was found. 

With the microphone disconnected and no input to the amplifier, 

there was sti.11 about 2 mV pp of noise present. Thus, the. background 

noise, which could be due to a combination of general amplifier noise, 

thermal noise across the 5 Mn dropping.resistor and Brownian motion 

of the diaphragm (4), was attributed mostly to the thermal noise within 

the resistor. A calculation showed that at the bandwidth and ampli

fication used, the thermal noise was, in fact, about this value. 

In the laboratory, however, the noise level varied from 4 to 

8 mV pp. This was attributed to the high background acoustic noise 

within the building produced by ventilation and hood fans as well as 

random noises such as clos~ng doors ~nd dropped obj~cta~ -· 

With the detection cell filled with dry nitrogen, which is op

tically transparent at 253.7 nm, the pulsed light was then allowed to 

enter the. cell to determine the background signal level. Two different 

lamp arrangements were used.· Some measurements were made with the mer

cury lamp about seven cm from the quartz· window and the·lens about half 

way between the window and the lamp. The background signal in this 

case was unnoticeable above the noise level. The lamp !las also placed 

about one cm from the window without using the lens. Although this 
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allowed about a fifty percent light intensity increase to enter the 

cell, it also gave a background noise level of about 9 mV. This 

was attributed to absorption on the interior surface of the.cell and 

at the joining interfaces of the windows due to the increased inci-

dent angle. 

In order to estimate the response to mercury vapor, a small u-

tube was connected to.the cell inlet. This tube contained tiny drop-

lets of mercury. By flowing nitrogen through this tube and then into 

the detection cell, a mercury pressure of about 0.002 torr was produced. 

At a lamp current of 40 ma, a signal of about 1000 mV was produced, 

which decreased as pure nitrogen was flushed through the system. 

The results of these in.itial tests showed that the technique 

could.be used to detect mercury and, in fact, might be extremely sen-

sitive. Estimates using the ideal gas law showed that approximately 

100 ng of mercury within the cell produced a very strong signal and 

that detection limits based on this value alone would be well below 

one nanogram. 

By using the previously described reducing chamber, the response 

of the system to actual mercury s·olutions was investigated.· In one 

series of ex~eriments, in which the lamp was used with the lens, the 

results of Figure 6 were obtained. The results were linear, although 

in some experiments, the.reproducibility was not exception~l. For 

instance, when a repeated sample of 2.5 µg/l Hg was run, signal levels 

of 33,27 ,41,40 and 38 mV were obtained. The diff.erences were probably 

caused by either sample entry variations .or adsorptipn or desorption 

' within the system, such as in the drying .tube. An estimate of the 



detection limits where the signal is equal to the lowest peak-to

peak noise level would be about 0.13 µg/l. This noise level is 

18 

shown on Figure 5, as well as the standard deviation based on the 

lease.reproducible series. After some proficiency had been acquired, 

better results were obtained, as the points plotted in Figure 5 

show. 

The detection limits of mercury by this simple system can 

be compared to the limits by other means. Normal atomic absorp-

tion gives limits on the order of 0.5 mg/l, however by using elaborate 

techniques, results with detection limits of 1 ng/l have been re-. 

ported (27). Most cold vapor techniques, however, give results of 

about 0.1.µg/l. So a mercury detection system based on this method, 

even with its simplicity, compares favorably with other methods, 

and with modifications in design could very well do better. 

' 
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APPENDIX A 

COLLISION OF Hg ATOMS WITH N2 MOLECULES 

The number of collisions per second for an atom of Hg with 

surrounding N2 can be approximated using the equation 

TI d2 C N 
z = . HgNi HgN2 . N2 (ref. 25) 

HgN2 v 

where z = HgN2 
the collisional frequency 

d .. = 
HgN2 

sum of the effective diameters of the 
two colliding species 

c = 
HgNz Bpeed of Hg relative to N2 

NN2 
= molecules of N2 per unit volume v 

For quenching of the 3P1 excited state of Hg, the effective 

cross sectional area, cr 2
, has been determined to be about 0.192 x 

-16 2 10 cm. (ref. 26). This gives an effective diameter for the Nz 

molecule of deff, N
2 

= 4.9 x lo-11 m. Using the diameter of Hg a.s 

-9 
dHg = 0.36 x 10 m (ref. 26), one can calculate 

dHgN2= (dN2.+ dHg)~Z = 
40.9 x 10-~l 

2 
m 

The relative velocity, C can be calculated from 
HgN2 , 

ffl c -
HgN2 ..... 



where µ is the reduced mass 

so 

- ~g x ~2;::; 
µ - ~g + ~2 

(200) (28) 
228 

2 
CHgN

2
= 5.07 x 10 m/sec. 

= 24. 6 gm/mole· 

The number of N2 molecules per unit volume is 

N 
-1!z. = 
v 

25 3 2. 69 .x 10 molecules/m 

With the above values, one gets 

ZHgN2 1. 8 x 109 sec-1 

t 
1 5 x 10-lO sec per collision. = 

ZHgN2 

...... 
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APPENDIX B 

LAMP POWER SUPPLY R.z. Pulse to lamp 

SW! 
ON - Ol=F 

=:)11 
3A + 

~ Rt 

CHASSIS G-RI>. 

Figure 6 : Lamp Power Supply Pulse from ~C/MP 

D - Diodes, 4005 (600 V PIV) Rs - 25 K 

Q1 - BU 204, 3A, 1300 V R6 - 15 K 

Ri - 310 K R] - 37.5 K 

Rz - 4 K c1 - 15uF, 3000V 

R -3 15 K Rs - 10 Mn 

R4 - 20 K M - Meter, 65 ma.full scale 

The.switching pulse for transistor Q1 was produced by the 
SC/MP (See Appendix D). 

Lamp current was selected by switch SW3, a multiposition rotary 
switch. 

Pulsed or continuous operation was made with SW4~ 



APPENDIX C 

AMPLIFIER CIRCUITS 

1) Preamplifier 

r.N 

The preamplifier used is shown below .. 

r-----....J tw;n ... T 

>----......:.-----'- 0 UT 

Figure 7: Preamplifier 

!Cl - LF356H (National) 

R - 5 Mn 
1 

R2 - 580 n 

The twin-T feedback network was as follows. 

o\X'l" 

Figure 8: Twin-T Filter 

ALL R = 30.88 Jill 

ALL C = 0.2324 µF 

All resistors and capacitors were matched as well as 

possible. The amplifier's response was found to be: 

f = 22.09 Hz 
0 

gain = 2300 

bandwidth = 0.04 Hz 

Q = 550 

' 
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2) Lock-in Amplifier 

Figure 9 is the schematic for the lock-in amplifier u.sed. 

After a short period for warm up, the Qutput of IC2 was mon

itored on an oscilloscope with the input gr9unded. The trimming 

resistors of ICl and IC2 were then adjusted to give an even output of 

zero volts. IC3 was then adjusted to give a zero ·output. 

With a small d.c. input, the waveform of IC2 should then be a 

square wave equally spaced about zero. This is averaged out by 

the low pass filter of R9 and Cl to a zero volt input to IC3. 

Only a signal with exactly the frequency of the gating operation 

will produce a d.c. signal at the output. Any-other frequencies will 

be averaged out to zero. Signals which are exactly of the gating fre

quency but 90° phase shifted will also cause zero output. 

The circuit used was a modified absolute value detector with 

analog gates, Gl and G2 replacing diodes. It was these gates which 

were operated by the SC/MP controlling pulses. 

.....,. 
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Figure 9; Lock-in Amplifier 

R11 

D.C. 
OUT 

R1 - 10 K 
R2 - 5 K 
RJ - 10 K 
R4 - 10 K 
R5 - 9.1 K 
R6 - 10 K 
R7 - 4.J K 
RB - 1 K 
R9 - 510 K 

R10 - 9.1 K 
R11 - 100 K POT 

R12, 1J,14 - 20 K POT 
IC1 ,2,J - LF 3.56 H 

IC4 - LF 13202 
C1 - Variables, 0~56 - 6 F 

N 
VI 



APPENDIX D 

SC/MP PULSE CONTROLLER 

The SC/MP microprocessor was used to generate the controlling· 

pulses for the lamp and lock-in amplifier.. The status register of 

the SC/MP contains three bits, FO, Fl and F2, which are connected to 

exterior pins. Thus, by setting or·resetting these bits, one may 

control exterior devices. The signals generated are TTL compatible, 

and on the LCDS they are buffered for external use. 

For a 50% duty cycle lamp pulse, the corresponding pressure 

pulse will be about 90° phase shifted (see Figure 10). 

LAMP PULSE 

PRESSURE PUL~E 

&ATE' 1 
".)_ 

G-ATE 2 

. , 
I 

LIL 

I 

I .. 
I 

Figure 10: Phase Relationship of Pulses 

Thus, ;i.f a controlling signal is gene.rated for the lamR by FO, one 
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would want Fl and F2, which control the lock-in operations, to 

set or reset 90° later. This is implemented by the program ·in 

Table 1. The program represents only one half of a full cycle, but 

with a 90° shift, the wave will be symmetrical. A jump instruction 

at the end will therefore generate the three desired pulse trains 

until the microprocessor is halted. 

The period of the wave form is determined by the delay instruc

tions in lines 14 and 20. The time generated by this instruction 

depends on the contents of the accumuiator, which must be loaded 

appropriately before ·the DLY instruction (LDI in lines 13 and 19) 

as well as the operand of the DLY instruction itself. Inst~uction 

length, as well as how to calculate delay times may be found in the 

SC/MP Technical Bulletin (23). 

Therefore, once the program has been loaded, one only has to 

change the contents of memory addresses 8006 and 800F for small changes 

in period length or those of 8008 and 8011 for larger time changes. 

These pulses will, of course, produce electromagnetic radiation 

of exactly the lock-in frequency. This mostly was eliminated by wrap

ping the microphone and preamp with aluminum foil. However, any stray 

signal picked up was fortunately cancelled because a lock-in amplifier 

does not respond to signals of the same frequency which are 90° out 

of phase. 

When determining the frequency response of the band-pass preamp, 

one of the signals produced by the SC/MP was used. Since this was a 

square wave of 3.5 Vpp, the primary sine wave which is produced will 

., 

i 
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be 4 
TI (3.5) = 4.44 Vpp. This was first attenuated by a 700 K resistor 

in series with a 260n resistor before applying it to the preamp input. 

Thus, a 1. 6 mVpp sine wave of the frequency of interest. was be.ing ap-

plied which allowed the overall gain response to be calculated. 

' 



SC/MP ASSEMBLER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 8000 
11 8002 
12 8004 
13 8005 
14 8007 
15 8009 
16 800A 
17 BOOB 
18 800D 
19 BOOE 
20 8010 
21 8012 
22 8013 
23 8015 
24 

C4 
E4 
07 
C4 
BF 
08 
06 
E4 
07 
C4 
BF 
06 
E4 
90 

, 

TABLE I 

GENERAL PROGRAM FOR CONTROL PULSES 

"](-;'(****"k*"'(*";'(•k**-l(*";'("k-;'(-!(·1'(•}(-!(";'(')'(****"'(******.,'(*********.,'(**.,'(*"'("k**"''(***"k****"k";'("](* 

* : THIS PROGRAM PULSES THE LAMP (FO) AT A CERTAIN FREQ. DETERMINED 
* BY THE CONTENTS OF INSTRUCTIONS 13, 14, 19, AND 20 AND PULSES 
* GATEl (Fl) _AND GATE2 (F2} 90 DEGREES LATER, ALTERNATELY. 
"]( 

.,.,..,'(·k'i'rk~~-;'(-:~*'i'('1(-!•"1('i'(-;'(-.,~...,'(*·k**.,'ddd(-Jd'-;'(-;b'd'-J'***-;'(*-.,'(***"'(";'(·k·k-;b'(*";'(";b'(-!(****'ib'(*.,'(-ld(·~dd(•k** 

8000 ORG 
00 START LDI 
05 XRI 

LOOP CAS 
WW LDI 
xx DLY 

NOP 
CSA 

06 XRI 
CAS 

yy LDI 
. zz DLY 

CSA 
01 XRI 
ED JMP 
8000 END 

$8000 
$00 
$05 

$WW 
$XX 

$06 

$YY 
$ZZ 

$01 
LOOP(PO) 
START 

SET INITIAL CONDITIONS OF LAMP ON, 
GATEl OFF, GATE2 ON. 

DELAY 90 DEGREES. 

CHANGE STATES OF GATEl AND GATE2, 

DELAY ANOTHER-90 DEGREES 

CHANGE STATE OF LAMP 
REPEAT TIIE ABOVE 

WW AND YY -·CHANGE FOR SMALL VARIATIONS 
XX AND ZZ - ClIANGE FOR LARGE VARIATIONS 

N 

"° 
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For the final preamp circuit used (see Appendix C), it was 

found that the assembly language program of Table II would generate 

the desired pulse frequency. 

TABLE II 

PROGRAM FOR 22.093 Hz PULSES 

**************************************************** * . 
* THIS PROGRAM PULSES THE LAMP AT 22~093 HZ 
* FREQ• 1 ru'lD PULSES GATES 1 AND GATE2 "90 DEGREES 
* ,.LATER~ ALTERNATELY· . 

* 
**********~**•*****************************•******** 
* 
START 

LOOP 

*END 
*? . 

.QRG -
LDI 
XRI 
.J 

CAS 
LDI· 
DLY 
CSA 
XRI 
CAS 
LDI 
DLY 
NO? 
CSA 
XRI 
JMP 
END 

OF FILE * 

$8000 
$00 SET INITIAL CONDITIONS OF 
$05 LAMP· ON, GATE1 OFF, ·GATE2 ON.· 

SEO DELAY 90 DEGREES. 
$0A 

$06 CHANGE STATES OF GA.TE:! ANO 
: GATE2 .. 

$ES DELAY ANOTHER 90 DEGREES 
$0A 

$01 CHANGE· STATE o·F LAMP 
I:.OOP<P0> RE?EAT THE-ABOVE 
START . 

' 
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