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The temporal and spatial characteristics of the plume produced

by a laser microprobe, are dependent upon the composition and pressure

of the atmosphere surrounding it. It has been shown that certain at-

mospheres can enhance the analytical signal by increasing the free

atom lifetime.

Improvements were made to the existing laser microprobe instru-

mentation. A new sample chamber was constructed with many improve-

ments over the old. The sample capacity has been increased by 275%.

Sample handling has been dramatically reduced. The vacuum integrity

of the new chamber is very good, allowing excellent atmospheric

control.

A new vacuum-gas mixing system was constructed with many ad-

vanced features. Five separate gases can be added to the chamber at

one time. Most of the vacuum system is constructed cut of stainless

steel for corrosion resistance, with stainless steel flexible tubing

connecting it to the microprobe chamber.

Major improvements were made to the optics of the microprobe



laser. The stability and eas of tuning h.: been significantly

increased.

Laser atomic fluorescence studies cf lithium and copper atoms in

the plume were conducted. Laser atomic fluorescence was used to

study the plume because high spatial resolution is possible allowing

specific areas of the plume to be probed. A fraction of the plume

as small as 0.0005 could be examined by this technique.

Lifetime measurements of the fluorescence of lithium and copper

in the plume were obtained by varying the time between the firing of

the microprobe laser and the fluorescence excitation laser.

Three-dimensional scans of the fluorescence signals were complet-

ed for a spatial map of the plume. These studies were conducted in

both argon and oxygen atmospheres. Since both copper and lithium

react with oxygen, information about the mixing of the atmosphere

with the plume was obtained.

It was determined that for both lithium and copper analytes,

7x1013 analyte atoms were being ejected into the plume per shot. The

detection limit for lithium was determined to be 10 8 atoms. Studies

indicate that significant numbers of lithium atoms are ionized in the

plume. The effects of pre- and post-filter absorption were also

studied.

In addition to helping to improve analytical results these time

and spatially resolved observations provide information about the

chemical reactions that are taking place.
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CHEMICAL AND PHYSICAL INFLUENCES OF THE ATMOSPHERE
UPON THE SPATIAL AND TEMPORAL CHARACTERISTICS OF
ATOMIC FLUORESCENCE IN LASER MICROPROBE PLUMES

INTRODUCTION

For trace metal analysis, the various atomic spectroscopic tech-

niques are the most widely employed. In all of these techniques,

some method of getting the analyte species into the free atomic

state is usually employed. Traditionally, flames and electro-

thermal devices of various kinds have been used to atomize samples.

In the last decade some others, such as plasmas and lasers, are find-

ing wider acceptance in the field of atomic spectroscopy as atomic

sources. All of these different techniques to get an analyte species

into the atomic state rely on heat to do so. Each has its advantages

and disadvantages; all are currently being used for one reason or

another. In this work the intense beam of photons from a laser is

used to atomize different samples.

Laser microprobe is one of the names given to the system that

utilizes a laser to atomize or vaporize a sample. This use of the

laser developed very rapidly after the discovery of laser action.

Since 1962, the atomic plume produced by a pulsed laser focused onto

a sample has been spectroscopically exploited (1). The action of a

laser microprobe can be simply described. A pulsed laser beam is

focused by a lens onto the surface of a sample. During and after the

laser pulse, a plume of the sample material is ejected from the sur-

face. This sample plume is then spectroscopically analyzed by vari-

ous techniques for the species of interest.

As was previously stated, no atomization technique can solve all

of the spectroscopic problems that might be encountered. The laser

microprobe is no exception. Because of the fact that the operation

of the laser microprobe depends on the interaction of the laser beam

photons with the surface of a sample, the form of that sample will
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have a significant effect upon the species and their numbers in the

plume.

The plume itself is a very transitory entity. Not all species

of interest, whether they be atoms, molecules, or ions will be pro-

duced at the same time, or last as long in the plume as each other,

or appear in the same region of the plume. The location, time, and

length of observation must be determined for every sample matrix and

every species of interest. The atmospheric composition and pressure

surrounding the sample at the time of analysis also affect the

characteristics of a speciesin the plume (11,30-32,38,43,45,87,88).

The shape of crater that is formed in the sample by the laser

microprobe is highly dependent upon the laser beam itself. Since the

size and shape of the plume are a function of the sample crater, the

plume is also very dependent upon the microprobe laser beam (18).

Since the plume is such a dynamic, rapidly changing entity, a

lot of questions about it remain unanswered. The purpose of this

work is to try and help answer some of these questions. For this work

the method used to study the plume is laser atomic fluorescence.

Laser atomic fluorescence was chosen as the technique to study

the plume for several reasons. One, due to the pulsed nature of the

fluorescence excitation laser, temporal information about the plume

is easily obtainable. Secondly, this fluorescence method gives a

high degree of spatial resolution not possible with other techniques.

Finally, due to the very intense narrow spectral line output of the

laser, good fluorescence intensities should be possible.

These atomic fluorescence studies of the microprobe plume were

conducted on lithium in a film matrix, and copper in an aluminum

matrix. Other variables of the system were altered and their effects

on the plume examined. Some of these are the atmospheric composi-

tion and pressure, time of observation, and location of observation.

Major modifications were undertaken on the microprobe sample chamber,

vacuum system, and the microprobe laser itself. These modifications
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increased the reliability and ease of operation of the laser micro-

probe system.
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HISTORICAL

Introduction

The laser microprobe is simply a tool that is used by spectro-

scopists to provide an atomic population of an analyte species.

Figure 1 is a schematic diagram showing how a laser microprobe func-

tions in the capacity of producing an atomic vapor of some sample.

The pulsed laser beam is focused by a lens that is usually corrected

to minimize spherical aberration to a small (50 to 1000 micron dia-

meter) spot. The plume of sample material is ejected during and

after the laser pulse. This plume contains many species, such as

particles, atoms, ions, and molecules, from the sample. Once the

plume has been produced it can be spectroscopically analyzed.

Many factors influence the production of the plume. One of the

most important of these factors is the sample matrix. The sample

surface quality (smoothness), its reflectivity, the crystal orienta-

tion, the thermal conductivity, the vaporization temperature, the heat

capacity, the latent heats of fusion and vaporization of the sample,

are all critical parameters that must be considered if a reproducible

analysis of a species from sample to sample is to be expected.

In order to achieve the energy densities required to produce a

plume, the laser beam has to be focused to quite a small area, on

the order of one square millimeter or less. If the sample is not

homogeneous at that level or smaller, large signal inconsistencies

can emerge. Another important consideration is spatial homogeneity

of the laser beam. If the beam is not round, or if it has a non-

Gaussian cross-sectional energy distribution, defects will show up

in the crater and, therefore, also in the plume.

As was described earlier, the atmospheric composition and pres-

sure, and the time and location of spectroscopic observation are all
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extremely important parameters which must be monitored if the laser

microprobe is to be used as a quantitative tool.

The laser microprobe used as a spectroscopic source has some

distinct advantages over other sources. If the sample is a solid,

no preparation is required. Other sample forms can be handled by the

laser microprobe with a very minimum of preparation. Most other

techniques require the samples to be in solution form. This can

often be a source of difficulty and error in an analysis.

Another very important aspect of the laser microprobe is that

it can atomize any sample, including highly reflective or refractive

materials, even glasses. The technique is sometimes considered to

be nondestructive due to the very small crater formed; typically less

than a microgram of material is lost. Since the microprobe laser

pulse length is usually about a microsecond, the technique is ex-

tremely rapid. Because of the fact that the laser beam is focused

to a very small spot, typically less than 500 microns, there exists

a very high degree of spatial resolution. This was mentioned as a

disadvantage for heterogeneous samples, but it can also be of tremen-

dous value in some cases. For example, studies of specific areas

inside of single biological cells have been made (2-11). Also, since

the depth of penetration is not great, typically 10 microns, by fir-

ing repeatedly at one specific location some form of depth-concentra-

tion profile information for a species could be made. This may prove

to be of great use in the semiconductor industry.

The laser microprobe has found very wide application. It has

been used in one form or another to analyze most of the elements in

the periodic table. The relative precision of the microprobe tech-

nique is comparable to that of the D.C. Arc (78). Extremely low de-

tection limits have been realized with the microprobe when it is com-

bined with a mass spectrometer (LAMMA), 104 atoms of lithium have

been detected (9,68). As was previously stated, the sample matrix
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can be a real problem in an analysis. The method of internal stan-

dards can be used to help compensate for some of these (18). A very

complete listing of the species analyzed in many sample matrices has

been compiled by Piepmeier (18). A recent paper has considered the

overall potential of the laser microprobe as an emission tool (83).

Laser

The most important component of the laser microprobe instrumen-

tation has to be the laser itself. It would be worthwhile to exam-

ine the basic principles of laser operation.

Einstein laid the groundwork for the laser way back in 1917.

He proposed that when an atom or a molecule has been excited, by

some means, from a lower energy state to an excited energy state,

that it can return back to the lower energy state, emitting a photon

in the process, by two separate mechanisms. In one, the atom or

molecule spontaneously emits the photon in a random direction. In

the other mechanism, however, the atom or molecule is induced to emit

this photon by another photon of the same energy. This is called

stimulated emission, and is the basis for laser operation. The rea-

son for this is that both of these photons have the same polariza-

tion, phase, and direction. These two photons can induce other

emissions and so on.

The laser itself is a fairly simple device having only three

main components. These components are a lasing medium to amplify the

energy, a means of exciting or pumping this medium, and a cavity of

some type to provide feedback.

Lasing Medium

The original laser had a solid rod of ruby for its lasing medi-

um (12). Today a gas, liquid, or a solid may be used for the lasing
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medium. In gaseous systems, carbon dioxide, nitrogen, argon, kryp-

ton, and helium-neon are all in current use. In the liquid phase are

the dye lasers with innumerable organic compounds dissolved in a sol-

vent. Most of these dyes come from the fluorescein, rhodamine, and

coumarin families. Solid medium lasers are very common. Ruby, GaAs,
+3 +3

and Nd
+3

, Ho , Gd
+3

, Tm , Er
+3

, Pr
+3

, Eu
+3

doped in CaW04, Y203,

SrMo04, LaF , YAG or glass are all in use. Of these the ruby, Nd-YAG,

and dye lasers are used most often for laser microprobe studies.

The Nd-YAG and dye laser are termed optical four-level systems

and the ruby laser an optical three-level system. This has to do with

the energy level states for the lasing transition. Only the dye laser

system will be discussed here because it was the type of laser used

for this research.

In order for lasing action to occur, a condition known as popu-

lation inversion must exist. This means that more atoms, ions, or

molecules must exist in the excited state than in the ground state,

so that stimulated emissions occur more frequently than stimulated

absorptions. In an optical three-level system this is fairly diffi-

cult to achieve. This is much easier to attain in an optical four-

level system. Figure 2 shows the energy level diagram for a typical

dye laser. The dye molecule in the ground state absorbs pump photons

and is excited into the upper energy levels S2 and S3. If it has

been excited into the upper level S3, it drops via internal conver-
1

sion to level S2. From energy level S2, stimulated emission and

lasing action occur with the ground state levels. This would not be

any different from the three-level system of ruby except that the

ground state G1 is very broad. This in fact makes the dye laser

1
Internal conversion is the name given to the radiationless de-

activation between two states of the same multiplicity. The excess
energy of internal conversion is converted into excess vibrational
energy.
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Figure 2. Optical four-level energy diagram for a
typical dye laser system.
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system a pseudo four-level system, because lasing action occurs with

the upper energy levels of the ground state rather than a completely

separate level as with Nd-YAG. These upper energy levels of the dye

laser system are not thermally populated to any appreciable extent.

The reason that the energy levels of the dye lasers are so broad is

because they are complex organic molecules. They have many differ-

ent vibrational and rotational modes which, in fact, can be even

further broadened by interactions with the solvent system. These

broad energy levels are very important for two reasons. First, the

broad upper levels S2 and S3 can absorb a broad range of wavelengths

from the pump source, thereby allowing good conversion of the pump

energy into the dye. Secondly, since the ground state level is

broad,lasing action can occur to any of them. This results in a

laser that lases over a broad range of wavelengths. These lasers are

very useful as tunable wavelength devices used in laser spectroscopic

studies.

An effect that can be detrimental to dye laser action is inter-

system crossing,
2
which puts the molecule in state T1 (referring back

to Figure 2), called a metastable state. This process competes with

lasing action because of the relatively long lifetime of the T1 trip-

let state, which may be from 10-4 to 103 seconds. The transition from

state T1 to the ground state is called phosphorescence. For most dye

laser systems this intersystem crossing does not halt lasing action.

For a rhodamine 6G dye laser in water solvent at 10-3 molar, only 8%

of the molecules are lost to the triplet state (14). Other external

means can be used to reduce the losses due to intersystem crossing.

One is to use a flashlamp pumping system for the dye with a very fast

risetime flash. If this risetime is on the order of microseconds,

2
Intersystem crossing is the name given to the radiationless

transition between a singlet state and a triplet electronic state.
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then major lasing action can occur before the triplet state has had

time to steal any appreciable population. Another method used is to

add a quencher to the dye solution which rapidly deactivates the trip-

let state. This quencher will very quickly transfer the molecule

back down to the ground state, where it is free to reabsorb. One has

to be sure, however, that the quencher does not also deactivate the

states which give rise to lasing action. Molecular oxygen and

cyclooctatetraene are two good quenchers (14-17).

Laser Pump Source

Most of the lasers that are used for laser microprobe instrumen-

tation are excited or pumped by pulsed flashlamps. There are a great

many flashlamp and lasing media configurations. One of the most im-

portant design considerations is a resulting laser beam of high power

and good reproducible quality. These two areas are very important.

The first is obvious: a lot of laser power is needed to vaporize a

sample, on the order of megawatts per square centimeter. The second

is also very important since the cross-sectional energy distribution

of the laser beam will match the coupling efficiency of the flashlamp.

Any inhomogeneities that appear in the laser beam will ultimately

show up as inhomogeneities in the craters formed in the sample. Three

of the most commonly used flashlamp configurations are a helical-

shaped lamp wrapped around a dye tube or a solid rod, a linear lamp

located at one axis of an ellipsoidal reflector, with a linear dye

tube or rod located at the other axis. Most efficient coupling of

the flashlamp energy to the dye results when the dye tube or rod is

about the same length as the flashlamp.

The coaxial flashlamp is quite good. The conversion of energy

from this lamp to the dye is quite high. These lamps are capable of

operating with microsecond to submicrosecond rise times. This is very

important in dye systems that suffer from losses due to the triplet

state. The main drawback to the coaxial flashlamp is that they cannot
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be fired at a fast repetition rate. Once every five seconds is about

as fast as our laser could be fired. This limit is due to the high

heat that develops during firing. Because of the lamp design, the

heat can only be carried away by conduction through the walls into

the flowing dye or surrounding cooling water, a process that re-

quires time. A couple of other problems are inherent in this type of

flashlamp. One, because of the very fast risetime flash pulse, an

acoustic wave in the lamp is produced which can destroy it. Second-

ly, because of the lamp design, the electrodes and walls tend to

corrode fairly rapidly. This results in a fairly short lifetime of

only a few hundred thousand shots. Despite some of these problems,

the coaxial flashlamp works very well in situations that do not re-

quire fast repetition rates but do require very fast risetimes (14).

Helical-shaped flashlamps give very uniform illumination to the

lasing medium (18). Their main drawback is that they have a fairly

slow flash risetime, in the millisecond range. This makes the heli-

cal flashlamp undesirable for most dye laser applications, due to

the intersystem crossing problem. They find widest use in solid

lasing medium applications, such as the ruby rod.

The linear flashlamp inside of an ellipsoidal reflector gives

fairly good homogeneous illumination. Its main advantage over the

coaxial flashlamp is its capability of much faster firing rates,

typically 30 Hz. It is also capable of a very fast risetime flash

pulse making it applicable to dye laser operation. The one main

drawback to the linear flashlamp is the complexity of the optical

components. The quality of the ellipsoidal mirror is very important

(18).

For flashlamp pumped dye lasers a typical conversion efficiency

of lamp power to laser power is 0.2% (14). Therefore, some special

electronic circuitry designed to handle the high power and fast rise-

times is required. Most of the time a triggerable spark gap or very

fast thyristor is used (14). These protect the lamp from the high
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voltages, 20-30 kilovolts, which would destroy it if they were con-

tinuous.

Optical Cavity

The next critical component involved in laser action is the op-

tical resonant cavity. It is often a long Fabry-Perot etalon (two

parallel reflectors) coated for the wavelength region of the laser.

The stimulated emissions from the lasing medium travel in all

directions, but those that travel along the optical axis of the re-

flectors are greatly reinforced. This happens because the photons

can bounce back and forth between the reflectors many times, causing

more stimulated emissions each time. This allows a great buildup of

photons of one phase, direction, and polarization along the optical

axis. One of the reflectors--the rear one--is 100% reflecting at

the laser wavelength. The front reflector has a reflectance of 50%

to 99% at the lasing wavelength. The output laser beam exits

through this partially reflecting mirror. Laser action will occur

whenever the rate of photon loss through the reflector is less than

the rate of photon formation inside the laser cavity.

The output of a laser is not continuous with wavelength, but

rather is made up of a series of very narrow lines very closely

spaced. The reason for this is that the only lines that can lase

have an integral number of half wavelengths between the front and

rear reflector. These lasing lines are called the longitudinal modes

of the laser. For a laser such as the one used for this research,

the frequency separation between longitudinal modes is on the order

of 600 MHz (12).

In addition to longitudinal modes, transverse modes also exist

in the cavity. Transverse modes arise because of slight phase shifts

in the photon waves across the laser beam. They can result in a

heterogeneous laser beam which is undesirable for laser microprobe
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studies. The best transverse mode for the laser microprobe work is

the longitudinal mode termed the TEM00 Mode (transverse electric and

magnetic). This mode is chosen because its beam cross-sectional

energy distribution is Gaussian, it is spatially coherent, it has

the lowest beam divergence angle, and, therefore, can be focused

down to the smallest and best-shaped crater (12). Many different

parameters affect this mode structure of the laser beam, some of

them difficult to control. Probably the most important are temper-

ature fluctuations in the optical components of the cavity, which

cause the materials to expand and contract unequally, degrading the

mode structure of the beam (79).

Laser Microprobe

Now that a typical laser has been described, the interaction of

a microprobe laser beam with a sample will now be discussed.

Interaction of Laser Beam and Sample

In the previous section the cross-sectional energy distribution

and its importance were discussed. Besides the cross-sectional

energy, the temporal energy profile of the laser beam is very im-

portant in the beam-sample interaction.

When the incident laser beam strikes the surface of the sample

one of the first things that happens is the emission of thermally and

or photoelectrically excited electrons (19-29). The temporal energy

profile of the laser beam becomes very important at this point. If

the beam energy is too low, then these emitted electrons may be the

only species emitted. If, on the other hand, the rate of photon

arrival at the sample surface is very fast, an effect called inverse

bremsstrahlung can occur (18,30,31,82). The thermally or photoelec-

trically emitted electrons are free to absorb the incoming photons.
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If they gather enough kinetic energy through photon absorptions, they

can cause a breakdown in the atmospheric atoms or molecules via col-

lisions. If this happens to an appreciable extent, a photon supported

atmospheric shock wave can proceed up the laser beam, absorbing

photons. The overall effect of this is a decrease in the amount of

sample being vaporized even though beam power density is high.

Another undesirable byproduct of the inverse bremsstrahlung effect

is the intense spectral background that it produces (18,30,31). It

is difficult to determine exactly when this effect is going to occur.

It is the impinging photon rate per unit area, not the total number

of photons, that determines if the inverse bremsstrahlung effect is

going to be significant. By controlling the temporal energy dis-

tribution of the beam the inverse bremsstrahlung effect can be regu-

lated. It has been shown that in a typical fiashlamp pumped dye

laser using rhodamine 6G dye, the inverse bremsstrahlung effect is

not observed (32). The problem is more pronounced in lasers such as

a Nd-YAG because of their very short pulse length and high energy.

Typically a dye laser has a pulse width of a microsecond compared to

10 to 100 nanoseconds for a Nd-YAG.

The inverse bremsstrahlung effect can also be controlled by al-

tering the atmospheric composition or pressure. Reduction in the

atmospheric pressure above the sample will decrease the number of

atmosphere-electron collisions and thereby the inverse bremsstrahlung

effect. At a given atmospheric pressure, an atmosphere with a small-

er cross-sectional area will have less inverse bremsstrahlung ab-

sorption than one with a larger cross-sectional area, due to fewer

collisions per unit time. Also a molecular atmosphere will show more

inverse bremsstrahlung effect than an atomic atmosphere because of

the very broad molecular absorption bands.

Assuming that the laser beam temporal energy profile is in a

satisfactory range, the next step in the interaction of the laser

beam with the sample is the absorption of bear photons by the
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electrons of the sample. This causes the sample to heat up. As the

material heats up, its reflectivity decreases, causing more and more

photons to be absorbed (33,34). Eventually enough of the beam photons

are absorbed by the sample to cause enough heating for vaporization

to result. A plume of sample material is ejected. This plume of

material which contains many species, such as electrons, ions,

atoms, molecules, pieces of sample, etc., also absorbs beam photons.

Those species that have the correct energy levels absorb more of

the laser beam photons, becoming more excited (35). The velocities

of this plume of material depends not only on the species of inter-

est, but also on the energy of the microprobe laser beam. A range

of speeds from 103 cm /s to 106 cm/s have been reported (36,38). The

depth to which the focused laser microprobe beam penetrates is highly

dependent upon the sample matrix and the beam energy distribution.

Studies have shown the depth to be in the one to 10 micrometer range,

with a total ejected mass of a few micrograms (31).

These laser beam-sample interactions show the importance of the

temporal as well as the cross-sectional power density of the micro-

probe laser beam. They also give an indication of why the matrix of

the sample is so important in obtaining a uniform reproducible plume

of material.

Plume Analysis

In the preceding discussion the interaction between the micro-

probe laser beam and the sample to produce the plume was described.

After the plume has been formed, a spectroscopic analysis of it for

analyte species can proceed.

In any spectroscopic analysis of the microprobe plume, the large

background emission of the plasma must be a consideration. The con-

tinuum background emission occurs primarily in two regions: one,

very near to the sample surface, and the other several millimeters

above (18). Time resolved spectral studies have shown that the most
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intense portion of this emission lasts for only a very short time,

less than a few microseconds (8,30,31,39-42).

There are also other factors which tend to make an analysis of

the plume materials difficult. The chemical composition of the at-

mosphere above the sample affects the chemistry of the plume, and

determines the absence of presence of some species (43). An example

of this effect can be illustrated with the element zirconium. Zir-

conium in the presence of oxygen forms a very refractory oxide which

may, under certain conditions, cause a loss of any spectroscopic in-

formation about the free zirconium atom. For this reason then, any

analysis of zirconium in a sample would require control of the at-

mospheric oxygen levels (44). Not only the chemical composition of

the atmosphere, but the atmospheric pressure has a great deal to do

with the shape of the plume. For a given sample, a lower atmospheric

pressure will allow the plume to expand to a larger size (31,32).

Spectral line broadening effects are also present in the plume. De-

pending on the atmospheric pressure, Doppler and collisional broad-

ening may all be present to a significant degree (30,45). Self-

absorption and self-reversal can also be a significant source of

error, because some plume photons must traverse through the cooler

outer regions of the plume to be detected. In these outer regions

the photon may be absorbed by another atom, causing a decrease in

signal level (18).

Many different spectroscopic techniques have been used to ana-

lyze for species in the plume. Due to the relatively high tempera-

tures developed within the plume, an analysis by direct emission

techniques can be made (6,10,11,48,49). An improved version of this

direct emission technique was quickly adopted, however, because of

better results. This new method used two charged electrodes which

spark across and through the plume, causing a much greater level of

excitation and therefore increased emission levels (1,5,45-47,50-59).

Two electrodes, (usually 3 millimeter graphite electrodes) with a 400
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to 4000 volt potential between them, are placed about one millimeter

above the sample surface, centered 0.2 to two millimeters over the

area where the crater will be formed. The laser is fired, the plume

is produced, and rises up into the region of the electrodes. Because

of the presence of ions in the plume, the electrodes discharge, spark-

ing through the plume. This short, intense discharge causes further

excitation of the species in the plume, producing a more intense emis-

sion signal. This spark cross-excitation technique has been the most

commonly used method for laser microprobe analysis.

In recent years other spectroscopic techniques have been com-

bined with the laser microprobe to offer new possibilities. One of

these is atomic absorption. Various sources have been used for the

atomic absorption studies of the plume. The pulsed hollow cathode

lamp is probably the best because of its intense emission intensity

and ease of operation (32,43,60-65,67,81). However, photon shot noise

is more significant than for flames and other electrothermal atomizers

because of the short duration of the plume, when the plume is viewed

directly. Indirect viewing of the plume material after it has been

transported to a gas cell has shown increased sensitivity. In some

of the more recent studies the pulsed hollow cathode lamp has been

replaced by a pulsed tunable dye laser (66).

The laser microprobe has recently been combined with other tech-

niques that offer some interesting possibilities. It has recently

been combined with a mass spectrometer (LAMMA). In one paper, the

authors reported detecting only 104 atoms of lithium (9). The micro-

probe has been used in conjunction with Raman spectroscopy (MOLE) to

study molecular species in the plume (69,70). The plume material

has been swept into various plasma sources, for emission studies. In

some cases the electrodes used for the spark emission analysis have

been replaced by a microwave discharge.

A final technique to be discussed that is currently being used

for analysis of the microprobe plume is laser atomic fluorescence.



19

The wavelength tunable dye laser is by far the best source to use for

these studies (39,41,71,72). The reason that a tunable dye laser is

the best source for the fluorescence studies of the plume is because

of its very great intensity. It is possible with a laser to excite

a very large fraction (1/2) of the analyte species, giving a very

large fluorescence signal. This fluorescence signal can be many

orders of magnitude greater than that obtained by other fluorescence

techniques (85,86). The possibility of saturated fluorescence

studies is feasible with a laser source (71,73). This technique of

using a second tunable dye laser to yield fluorescence information is

the method used in our laboratory.

The reason that this method is so useful is its ability to yield

spatial and temporal diagnostic information about species in the

laser microprobe plume. Figure 3 shows a schematic of the plume and

the small fluorescing element of it that is actually viewed by the

monochromator. The viewed volume element is the small dark region

at the intersection of the monochromator slits with the fluorescence

laser beam. This viewed volume element can be positioned anywhere

in the plume. These spatial studies are used to determine the loca-

tions in the plume of a certain species of interest. Coupled with

the spatial mobility of the viewed volume is the pulsed nature of the

fluorescence excitation laser. This allows for temporal profiles of

a species in the plume to be made too. It might be argued that a con-

tinuous wave tunable laser would give more information, because it

would be capable of giving a complete temporal scan of the plume with

every shot of the microprobe laser. This might be true except for

two reasons: one, a CW laser's output power is a factor of 10 to 100

below that of the pulsed laser; secondly, the wavelength region of

the CW laser is extremely limited, while the pulsed laser is not.

All of these spatial and temporal studies will give a better

understanding of the chemistry that is taking place in the plume.

This information will help the analytical chemist by allowing him to
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choose the conditions that will give him the best results for an

analyte of interest.

There are a few effects that must be taken into consideration

when one uses atomic fluorescence in the study of plumes. Two of

these can be illustrated with Figure 4. They are the pre- and post-

filter effects (89). If, in all three cases--A, B, and C--the analyte

concentrations in the plume are the same, then the maximum fluores-

cence signal will be seen in case C, and the smallest in case A. In

case A, before the fluorescence laser beam reaches the viewed loca-

tion it has to travel through a large amount of plume material. In

traversing through this region a significant fraction of the beam

photons can be absorbed. This is known as the pre-filter effect.

Again, in case A, the photons that are produced in the viewed volume

element must traverse through a large amount of plume on their way

to the monochromator. A significant number of them can be absorbed

on their way out to the monochromator. This is called the post-

filter effect. Both the pre- and post-filter effects lead to a lower

fluorescence signal. In case C, the two effects have been minimized

and the maximum fluorescence intensity would be observed. These two

influences are further complicated by the fact that in most cases

the analyte species concentration is not the same or homogeneous

throughout the entire plume, as was assumed in the discussion of

cases A, B, and C.

The laser used for the fluorescence studies of the microprobe

plume is just as important in obtaining reproducible data as is the

microprobe laser. All of the previous discussions about laser beam

stability also hold true for the fluorescence excitation laser (74).

The fluorescence laser has other important characteristics, because

it must also be tuned to the wavelength of the desired transition for

the species of interest. Different techniques are used for wave-

length tuning a dye laser, most of them difficult and time-consuming.

Recently, however, a technique that measures the laser-induced
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impedance changes in hollow cathode lamps, has been perfected in our

laboratory (44,75-77). With this technique it is now a fairly routine

task to accurately tune the laser to a predetermined wavelength.

Even considering some of the above-mentioned problems involved

in using laser fluorescence as an analytical technique for the laser

microprobe plume, it is the best way of obtaining spatial and temporal

information to help the analytical chemist.
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LASER MICROPROBE INSTRUMENTATION

Introduction

The instrumentation used for these laser microprobe studies has

never been fully described before. Basically, the instrumentation

consists of six main components. One is a vacuum-tight sample cham-

ber which is mounted onto a stepper motor controlled x,y,z transla-

tion stage. Two is a vacuum gas-mixing system, which controls the

atmospheric composition and pressure of the chamber. Three is a

pulsed dye laser, whose beam is focused onto the sample for produc-

tion of the plume. Four is a pulsed tunable dye laser, whose beam

is used to excite the atoms ih the plume. Five, is a set of col-

lection optics, which converts the optical information from the

plume into voltages, and six is a PDP 11/20 minicomputer that con-

trols the experimental parameters, collects the data, and manipu-

lates it.

A simple schematic of this instrumentation is shown in Figure 5.

Almost all of the equipment used in the microprobe experiment was

designed and constructed in our laboratory. All of the other equip-

ment, purchased commercially, have undergone modification to improve

or adapt them to our specific needs. This instrumentation will now

be described in more detail.

Optical Table

All of our equipment is currently mounted on an optical table,

designed and constructed by J. W. Hosch (92). This table consists of

a steel plate 8' long, 5' wide and 1/2" thick, with 1/4-20 tapped

holes on 2" centers across the entire surface. This steel plate is

mounted onto a very sturdy wooden base, that has numerous electrical
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Figure 5. Schematic of laser microprobe instrumentation.

A) Gated integrator K) PDP 11/20 minicomputer
B) RCA CA31034 photomulti- L) CMX-4 fluorescence laser

plier tube M) Beam blocker
C) Heath EU-700 monochromator N) Laser power monitor
D) Over/under mirror pair 0) Digital .delay circuits
E) Laser microprobe chamber P) Tektronix T-4002 terminal
F) Stepper motor drivers Q) Laser synchronization
G) Gas, vacuum system circuit
H) Microprobe laser R) Wavelength stepper motor
J) Laser power monitor drivers

S) Tektronix 4601hardcopy
unit.
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outlets on it. A large complement of mounting hardware was also de-

signed by Hosch and constructed by J. M. Archibald (93). The design

drawings for some of these items are in Appendix I. This equipment

was designed with several factors in mind: mounting flexibility;

high degree of reproducibility; high degree of durability; and a

minimum of vibration susceptibility.

All of the steel items in the lab, which includes the steel

table and mounting posts, are periodically coated with bayberry wax.
3

This prevents the formation of rust, and minimizes spalling and

scratching.

Microprobe Sample Chambers

It was desired to have a device which would accurately and re-

producibly hold a sample, as well as be able to sustain a number of

atmospheric conditions. It also had to have a number of optically

transparent windows which would allow fluorescence and absorption ex-

periments to be carried out. Two such chambers were used for this

research. One designed by J. Hosch was used until 1979. The other

used after 1979 was designed by the author.

Hosch Chamber

The original sample chamber was designed by Jimmy w. Hosch (92).

It was constructed by John M. Archibald (93). The complete set of

design drawings for this chamber are shown in Appendix II. Diagrams

of this chamber are shown in Figures 6 and 7. The chamber consists

of an aluminum housing, anodized flat black, with no lacquer or pol-

ish, and five quartz windows. The bottom and one side of the chamber

3
The bayberry wax is dissolved in a 50% xylene, 50% toluene sol-

vent, and is applied to the items with a paint brush.
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are removable, and each is o-ring sealed. The five quartz windows

are each epoxied into position with Varian Torr-Seal. A short focal

length lens (50 mm) is mounted external to the chamber on top,

directly above the sample. The microprobe laser is directed through

this lens and focused down onto the sample. The sample is usually a

2" diameter, 1/4" thick disc of the material to be analyzed. This

disc is mounted onto a gear-hub assembly, Figure 8, which is placed

as a unit into the chamber. This sample-gear-hub assembly is held

in place, and positioned, by two opposing rotary-displacement vacuum

feedthroughs with ball bearings on their ends. Rotation of the sam-

ple inside of the chamber is done by a small gear which meshes with

the gear on the sample. This small gear is mounted on the end of the

shaft of a rotary vacuum feedthrough. On the external end of this

shaft is mounted a synchronous motor. This motor is pulsed either

manually, or by the computer for automatic sample rotation. One com-

plete rotation of the sample results in a row of approximately 75

craters. After one complete rotation the sample is manually dis-

placed horizontally about one millimeter, exposing a new section of

sample. This horizontal translation is made using the two rotary

displacement vacuum feedthroughs.

Two tapped 1/8-NPT holes are in the door of the chamber for con-

nection to a gas-vacuum mixing system, for atmospheric control. The

entire chamber was mounted onto a stepper motor controlled x,y,z

translation stage.

This sample chamber, designed by Bosch, suffered from a number

of problems which eventually forced us to design an entirely new cham-

ber. Some of these problems are discussed below.

The five quartz windows of the chamber were designed too close

to the sample, and therefore quickly became coated with a thin film

of the material that had been ejected from the sample. This de-

veloped into a problem because the windows were physically very dif-

ficult to clean. When the laser beams passed through these windows
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Figure 8. Sample-gear-hub assembly of the
Hosch chamber.
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they also passed through this material. Some of the laser beam

energy was absorbed by this material, enough in fact to cause it to

heat up to a temperature which pitted the surface of the quartz. This

caused an overall degradation in the quality of the laser beams that

reached the sample. The magnitude of this problem increased to the

point that the windows had to be replaced. Replacing the windows of

this chamber is an extremely difficult task. The Varian Torr-Seal

which held them in position is a very tough epoxy. Breakage of the

windows during removal is almost a certainty, and because of the

fact that they are of a nonstandard size, and have to be custom

ground, they are very expensive.

Another disadvantage of the Bosch chamber concerns the sample

It is not an easy matter to change a sample. It is more art than

science, requiring a great deal of practice and manual dexterity,

along with a pair of needle-nose hemostats. Due to the way in which

the gearing of the sample is done, the maximum width of sample that

can be accommodated is 1/4". This necessitated the frequent change

of sample. Also, the fact that after every rotation of the wheel

the sample has to be manually translated with the rotary displacement

vacuum feedthroughs is inconvenient. This may have been a source of

error in our optical system as well. If, during sample displacement,

the same level of tension is not maintained on the feedthroughs, then

the distance between the microprobe laser focusing lens and the

sample surface might be altered. This would result in fluctuations

in the diameter of the craters from row to row (see Fig. 9). In

Figure 9A, the correct amount of tension is on the feedthrough, and

the sample is the correct distance from the lens. In Figure 9B, how-

ever, there is not enough tension on the feedthrough and the sample-

lens distance is greater, resulting in a large crater.

The feedthroughs that were used to hold the sample were less

than ideal. They leaked at a high enough rate that the chamber atmos-

phere had to be recharged on at least hourly intervals. This is not



A

LENS

B

i;>

Figure 9. Sample-lens distance fluctuations in the Hosch chamber.



33

only inconvenient, due to the disruption in the normal experimental

routine, but it is sometimes very difficult to rematch the chamber

atmospheric conditions. Another problem with the feedthroughs is

that they are constructed out of brass, a less than desirable material

for corrosive atmospheres.

A final problem of this chamber to be discussed concerns the

synchronous motor that is used to rotate the sample. First, there

is no means to reverse the direction of sample rotation, a highly

desirable function sometimes. Secondly, due to the motor gearing the

sample could not be rotated by hand. As a result, the motor was con-

tinually being disconnected from the feedthrough shaft, to manually

rotate the sample into position. For these and other reasons it was

decided during the summer of 1979 to design and construct an entirely

new chamber, one that would hopefully overcome some of the problems

with the Hosch chamber.

New Chamber

In order to incorporate all of the design features that were de-

sired in the new chamber, its size had to be dramatically increased

over that of the old chamber. The chamber material is black anodized

aluminum, chosen for its lightness and machinability. Stainless

steel would have been better because of its corrosion resistance, but

its weight and machinability ruled it out. The chamber was designed

by the author and constructed by John M. Archibald (93). Complete

design drawings for this chamber are in Appendix III. A complete de-

scription now follows.

Sample System. The sample size capability has been increased

from 2" diameter, 1/4" thick wheels, to 2-1/8" diameter and 5/8"

thick. This represents a 275% increase in available sample surface

area. The sample is mounted onto a gear-hub assembly similar to that

used in the old design. The gear in this case is much larger
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(Fig. 10). The reason for this will be evident later. This sample

assembly is mounted onto a miniature precision translation stage.

This sample -stage assembly is then bolted to the door of the chamber

(Fig. 11). Therefore, when the chamber door is removed the sample

comes along with it for much easier access. A stepper motor is also

mounted on the outside of the door. Its rotation is transmitted to

the interior by a commercially made rotary vacuum feedthrough

(Ferrofluidics MB-188-L-N-090). This device was chosen for specific

reasons. One, it has an extremely low leak rate of 10-11 ml/sec-atm

of helium. Secondly, since it is constructed mainly of stainless

steel, it is resistant to corrosive atmospheres which may at some

time be put into the chamber. Thirdly, since the critical components

of the device are frictionless, but yet give 100% positive rotational

transmission, it is very reliable.

Another advantage to this design, and the reason that the sample

is mounted on a miniature translation stage, concerns the automatic

horizontal displacement of the sample (see Fig. 12). The piece of

1/4-28 stainless steel threaded rod is bolted into the carriage of

the translation stage. It cannot rotate, but is fixed rigidly to the

carriage. A 1/4-28 tapped aluminum sleeve is mounted to the shaft

of the vacuum feedthrough. This sleeve rotates as the feedthrough

rotates. It is located exactly at a position so that it can be

threaded onto the stainless steel threaded rod connected to the

carriage of the translation stage. In this way, as the feedthrough

is rotated, the carriage of the translation stage and, therefore,

also the sample is translated. A large stainless steel gear is

mounted to the aluminum sleeve. It rotates as the sleeve rotates.

It is called the stage gear. It meshes with another stainless steel

gear on the sample shaft. This second gear is called the sample

gear. The sample then rotates at the same time that it is being

translated. The horizontal translation of the sample has been ad-

justed so that after one complete sample revolution, or 192 shots,
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Figure 10. Sample-gear-hub assembly of the
new chamber.
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Figure 11. Chamber eloor assembly.

1) Zirconium sample with craters.
2) Sample gear.
3) Chamber door.
4) Rotary vacuum feedthrough.
5) Sample translation stage.
6) Stage gear.
7) Stepper motor.
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the wheel is translated 0.9 millimeters. This effectively, auto-

matically feeds the sample past the focal point of the microprobe

laser. This creates a spiral of sampled material or craters across

the sample surface, thereby tremendously reducing the amount of

sample handling (see Fig. 13). This also totally eliminates the

problem of sample height fluctuations, previously discussed, that

occur with the old design. The total sample system is shown in an

exploded view in Figure 14.

Stepper Motor. The stepper motor that is used for sample rota-

tion is a unipolar motor (North American Philips, K82701-P2). This

motor has four separate windings and requires a certain clocking

sequence of power in order to step properly (see Fig. 15 and Table

I). A multifunction circuit was designed to step this motor. It

was also desired that each of these four functions be operational in

both a clockwise and a counterclockwise motor rotation. The first

of these is a mode that allows the computer to step the motor. The

second is a mode that allows a manual single step of the motor from

the chamber. The third is a single step mode switch located at the

main control panel. The fourth is a fast-stepping mode switch lo-

cated at the chamber, for rapid sample positioning. The circuit

was also designed to deliver a reduced voltage to the motor during

the hold cycle (99+% of the time), to keep the motor and electronics

from heating up. A schematic for this circuit is shown in Figure 16,

and a parts list given in Table II.

The circuit works in the following manner. IC1 is a 555 mono-

stable wired as a clock. This is the clock used for the fast puls-

ing mode of the motor. Cl, R1, and R2 determine the clock fre-

quency. The clock in this case has a frequency of approximately

60 Hz, which will step the motor at 75 RPM. This clock is blocked

from the rest of the circuit when switch S1 is open. Switch S1 is a



Figure 13. Spiral of craters created by
feed system.

1) Sample gear.
2) Chamber door.
3) Rotary vacuum feedthrough.
4) External sample gearing.
5) Sample translation stage.
6) Zirconium sample with craters.
7) 1/4-28 threaded rod.
8) Stage gear.
9) Stepper motor.

automatic sample
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Figure 14. Exploded view of sampling system components.

1) Translation stage mounting bracket.
2) Sample mount.
3) Zirconium sample.
4) Sample gear.
5) Translation stage base.
6) Translation stage carriage.
7) 1/4-28 threaded rod.
8) Stage gear and 1/4-28 tapped sleeve.
9) Rotary vacuum feedthrough.
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TABLE I. CLOCKING SEQUENCE FOR STEPPER MOTOR.

Step

Base of

Clockwise CounterclockwiseQl Q2 93 Q4

4

1 High Low High Low

2 High Low Low High

3 Low High Low High

4 Low High High Low

1 High Low High Low
lr
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TABLE II. STEPPER MOTOR CONTROL CIRCUIT PARTS LIST.

Part Description

IC1 555 Monostable Timer

IC2 SN7432 OR Gate

IC3 SN7400 NAND Gate

IC4 SN74121 Monostable Multivibrator

IC5 SN74107 JK Flip Flop

IC6 SN7405 Hex Inverter

Q1 -Q4 2N3019 NPN transistor

Q5-Q9 2N3904 NPN transistor

Q10 PMD1603 NPN Darlington Transistor

Cl 0.47 mfd. 10 volt Capacitor

C2 3.3 mfd. 10 volt Capacitor

R1 22 IC 1/4 watt Resistor

R2 39 In 1/4 watt Resistor

R3-R5,R8,R9 1 KC2 1/4 watt Resistor

R6 8.2 IC 1/4 watt Resistor

R7,R11,R12,R17,R18 750 2 1/4 watt Resistor

R10 40 C2 5 watt Resistor

R13-R16 180 2 1 watt Resistor

Dl-D4 IN4001, Diode

S1 Normally Open Pushbutton Switch

S2-S4 SPDT Switch
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normally open switch that is located remotely at the chamber. When

S1 is open (single step mode), pin 12 of DIC3 is at a logical low,

which effectively blocks the clock. When S1 is closed (fast step

mode), pin 12 of DIC3 is a logical high, which causes the output of

DIC3 to become the inverse of IC1's clock pulse. DIC3's output is

fed to pin 10 of CIC3. When S1 is closed (fast step mode), pin 9 of

CIC3 is a logical high, which causes the output of CIC3, which goes

to the rest of the circuit, to invert DIC3's output back to the ori-

ginal clock output of IC1.

When switch S1 is open (single step mode), the only way that the

motor can be stepped is controlled by IC2. IC2 is an OR gate that

will accept a pulse from either the computer, for automatic stepping

or a manual pulse from the main control panel. Resistors R3 and R4

keep the computer and manual pulse lines normally low so that no

extraneous pulses get through and step the motor. IC2's output then

will follow a pulse from either the computer, or the debounced manual

pulse switch. When switch S1 is open (single step mode), pin 2 of

AIC3 is a logical high, which causes the output of AIC3 to be the

inverse of IC2's output. Pin 10 of CIC3 will be a logical high so

that the output of IC3 will be the inverse of AIC3's output, or

equivalent to the original pulse from IC2. In summary then, when

switch S1 is closed (fast step mode), the motor is fast stepping at

75 RPM, and when S1 is open the motor is waiting for a computer pulse

or a manual pulse, to step.

The output of IC3 goes along two different paths: route A and

route B. Route A will be discussed first. The clocking information

of IC3 goes into pin 9 and 12 of IC5. This is a dual master slave

J-K flip flop. It is wired in the configuration shown in Figure 17.

This configuration will give the outputs also shown in Figure 17 for

a given clock. Three of these outputs--J1, J2, and K2--will drive

the motor. They are fed into IC6, an open collector inverter. Rll



J2351 0

JI,Q2 JI al J2 02

KI,02 KI bl K2 a20

CLOCK CLOCK

K2,01
(i

0

*CLOCK

CLOCK ___

JI, 02

KI- I2

K2.01

J2.01

Figure 17. Wiring diagram and clocking sequence from dual
J-K flip flop.
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and R12 are the current limiting resistors that turn on the inver-

ters. The final clock outputs that will be used to drive the stepper

motor come from IC6. The Ji output from IC5 goes to pin 1 of 106 and

to the base of Q7. Pin 2 of IC6 which is the inverted signal of Jl

goes out to the base of drive transistor Q8. Pin 5 of IC6 receives

its clock signal from switches S2 or S3, which will be discussed

shortly. The signal at pin 5 of IC6 also goes out to drive transis-

tor Q5. Transistor Q6 gets its drive signal from pin 6 of IC6 which

is the inverted signal that went to pin 5. Q5 through Q8, then, are

the initial drive transistors for the motor. Since it was desired

to be able to change the rotational direction of the motor from two

locations--one at the chamber, and the other at the main control

panel--switches S2, S3, and S4 were added. Switch S4, located at the

main control panel, chooses which location is in charge. Switch S2

is located at the chamber and switch S3 is located at the main con-

trol panel. When S2 or S3, depending on which is in control, is in

the clockwise mode, the signals which drive Ql through Q4 are shown

in Figure 18A. Note that these are the same signals that were shown

in Table I, for clockwise rotation. When S2 or S3 is in the counter-

clockwise mode, the signals to Ql through Q4 are shown in Figure 18B.

Again, note that these are the correct signals for counterclockwise

rotation shown in Table I. Resistors R13 through R18 are current

limiting resistors. The transistor pairs--Q1-Q5, Q2-Q6, Q4-Q7, Q3-

Q8--do the actual switching of the four different motor coils.

Diodes Dl-D4 prevent the large inductive voltage spike, produced

when the current to a motor coil is turned off, from damaging the

transistors by feeding the spike back into the power supply. This

previous section, route A, represents the clocking circuitry to

correctly step the motor. The other route, B, will now be discussed.

Most of the time (99+%) the motor is sitting in a hold cycle

waiting for a step command, not really doing anything. But, since
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the current is still flowing through the coils, the motor as well as

the electronics heat up. The parts in route B were added to reduce

the voltage to the coils during the hold cycle, only giving full

power during the step. The circuit works in the following manner.

IC4 is a monostable multivibrator wired so that when the stepping

clock pulse comes along into pin 5, the monostable will send out a

pulse 20 miliseconds long. This drives transistors Q9 and Q10,

giving full power to the coils for that length of time. Resistor

R6 and capacitor C2 control the monostable pulse length. Resistors

RB and R9 are current limiting resistors. Resistor R10 controls the

voltage to the coils during the hold cycle. In this case the voltage

at the coils has been reduced from 15 volts to 5 volts, enough to

keep the motor from slipping, but low enough to prevent significant

heating.

The stepper motor itself is mounted to the door of the chamber.

It is connected to the rotary vacuum feedthrough by a sprocket and

mini-pitch chain. The gearing is currently set up to give 192 step-

per motor steps per revolution of the sample. This produces a

crater separation of approximately 0.9 millimeters around the wheel.

Windows. The windows in the new chamber were designed so that

they were physically farther away from the sample, to minimize the

deposition of ejected material and, therefore, the pitting. The

mounting system for the windows was changed from epoxy glue to an

o-ring and clamp. This is a dramatic improvement, because now the

windows can be easily removed periodically and cleaned.
4

All of the

4
The windows were soaked in a solution of concentrated HC1 +

CuC12, to remove any deposited aluminum, which is the main contami-
nant. They were then soaked in a solution of concentrated H2SO4
K2Cr207 to remove any grease from the o-ring seals.
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windows are of a standard size, 2" round by 1/4" thick on the sides,

and 3" round by 1/4" thick on the top. They are very easy and

cheap to replace should it become necessary.

Chamber Lens System. The focal spot diameter of a laser beam
is directly proportional to the focal length of the lens used to
focus it. Since it was desired to produce small craters in the sam-
ple, a short focal length lens was desired. The lens chosen had a
focal length of 26.5 millimeters, and is corrected for spherical

aberrations. This created a number of design problems not encoun-
tered in the old Hosch chamber. First, because of the shorter focal
length, the lens would have to be mounted in the interior of the cham-
ber. Secondly, since the lens is now inside the chamber very near to
the sample, it could quickly become dirty and be destroyed. To com-
bat this, a very thin (0.15 mm) microscope cover slide is taped with

double stick Scotch tape to the underside of the lens mount. It is

simply replaced when it gets coated with ejected material. This ef-
fectively protects the lens.

It is very important to have control over x, y, and z position
of this lens to account for variations in the position of the micro-
probe laser beam and for variations in sample height. Since the lens
is mounted inside the chamber this is a complex problem. The x and y
control of the lens is done with sliding arms to which the lens is
mounted (see Fig. 19). If screws A and B are loosened, the lens can
be slid back and forth in the x direction, with relation to the dove-
tail which is fixed to the chamber. If screws C and D are loosened,
the lens can be slid back and forth in the y direction with relation
to the dovetail. These adjustments to the x and y position of the

lens are fairly difficult to make due to the location of the screws A
through D inside of the chamber. Fortunately, the microprobe laser

beam position is very stable, so the adjustments only rarely have to
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Figure 19. View showing the X and Y axis control of the
microprobe laser focusing lens.
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be made. The z-axis adjustment of the lens, or the distance between

the lens and sample, needs to be made very often, however, due to

variations in the sample size. It was desired to be able to control

this z-axis motion easily, reproducibly, and externally. To accom-

plish this, a complex drive mechanism had to be designed. The lens

and its x,y-axis control mechanisms as discussed previously are

mounted onto a dovetail assembly that is bolted to two fingers

machined into the interior of the chamber (see Fig. 20). The slider

part of the dovetail, to which the lens is mounted, is free to move

up and down in the z direction, with respect to the stationary part

of the dovetail which is bolted to the chamber. On the back of this

slider is bolted a small piece of rack gear. A hole was bored into

the chamber from the side in the exact position so that a vacuum

feedthrough shaft with a pinion gear on it would exactly mesh with

the rack gear on the dovetail (see Fig. 21). In this way, by ro-

tating the vacuum feedthrough, the lens is translated up and down in

relation to the sample. On the external end of the feedthrough

shaft is another pinion gear, exactly like the one on the inside.

This pinion gear meshes exactly with a section of rack gear mounted

to another dovetail assembly that is spring-loaded (see Fig. 22).

The position of this spring-loaded dovetail is controlled by a

micrometer mounted to the transmission case (see Fig. 23). Since

the gear ratio of the external rack and pinion gears matches that of

the internal rack and pinion gears, the changes of the micrometer

correspond exactly to the z-axis translations of the focusing lens

inside of the chamber. This results in an easy, reproducible, ex-

ternal lens adjustment. A photograph of this assembly is shown in

Figure 24.

Miscellaneous. There are only three other holes into the cham-

ber. Two of these are connected via stainless steel flexible tubing

to the gas mixing system, to be discussed later. The third is
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Figure 22. Cutaway view of chamber from the front showing focusing
lens external adjustment components.
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Figure 24. Photograph of external lens adjustment mechanism.

1) Stainless steel flexible vacuum tubing.
2) Microprobe laser beam steering mirror.
3) Stainless steel flexible tubing for vacuum gauge.
4) One of the over/under mirrors.
5) Microprobe laser focusing lens.
6) Focusing lens micrometer.
7) External pinion gear.
8) Vacuum gauge.
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connected via the same stainless steel flexible tubing to a vacuum

gauge. The vacuum gauge used is a model AP-10 made by the Vali-

dyne Corporation. This device is very good. It has a linear

voltage output of 10 millivolts per torr over a 0 to 1000 torr

range. It is also independent of the composition of the gas, and

is very corrosion resistant.

This new microprobe chamber with all of its added features is

far superior to the original Hosch chamber that was used from 1975

to 1980.

X,Y,Z - Translation Stages

A set of stepper motor-controlled X,Y,Z translation stages were

designed by J. W. Hosch (92), and constructed by J. M. Archibald

(93), at the same time that the original sample chamber was built.

Design drawings for these stages are in Appendix IV. They were de-

signed to hold the sample chamber and translate it in all three di-

rections, without altering the position at which the microprobe

laser beam enters the chamber (see Figs. 25 through 27). The stepper

motors can be stepped either by a set of manual binary-coded decimal

(BDC) switches at the main control panel (see Fig. 28) or by the PDP

11/20 computer. One step of the stepper motor corresponds to a five

micron change in position of the stage. The two mirrors on top of

the stage assembly that steer the microprobe laser beam are special

mirrors made by Spectra-Physics. They are coated with dielectrics

which allow the mirrors to be polarization independent at a reflection

angle of 45°, and at the wavelength of the microprobe laser, 5800

Angstroms. This is important since the microprobe laser is non-

polarized. Each of these mirrors is mounted in a special mount that

allows movement in each of the X, Y, and Z directions for total con-

trol in steering the microprobe laser beam.
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Figure 27. Photograph of X,Y,Z-translation stage assembly
from the front.

1) Microprobe laser beam steering mirrors.
2) Sample.
3) Focusing lens adjustment mechanism.
4) One of the over/under mirrors.
5) Sample stepper motor.
6) Z-translation stage stepper motor.
7) Vacuum gauge.
8) Y-translation stage stepper motor.
9) X-translation stage stepper motor.

10) Stainless steel flexible tubing for vacuum
system.
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Figure 28. Main control panel for X,Y,Z translation
stage stepper motors.
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Vacuum System

At the same time that the new microprobe chamber was designed,

a new vacuum-gas mixing system was constructed. The system was de-

signed with no rubber components and as little glass as possible.

No rubber was desired because of its inability to handle corrosive

atmospheres. Glass was undesirable because of breakage. With this

in mind the entire system except for the main manifold, which is

glass, is constructed of stainless steel. All connections to the

glass manifold are made via stainless steel flexible hoses (see

Figure 29). Three of the ports on this manifold are not connected

to anything at present. They are fitted with special o-ring sealed

fittings which connect to reaction flasks. These flasks would be

used when some reaction with a gas were desired. For example,

molten sodium could be placed in1a flask and connected to the system

to scrub any oxygen present in argon gas. Stainless steel flexible

hoses also connect the vacuum system to the microprobe chamber.

These flexible hoses serve to isolate the system from pump vibra-

tions, and allow the stage to freely translate.

The system has the capability of introducing up to five separate

gases at one time into the chamber. Figure 30 shows a schematic of

the vacuum system; Table III lists the parts. A through E are the

hookup ports for the five input gases. Three of these ports have

extra fine metering valves in series with them. These allow gases

to be continuously bled through he chamber at a slow rate (1-2SCFH),

at a fixed pressure. This is us d for a continuous flush of the

chamber. All five gases, which re now in parallel with each other,

can go either directly to the gl ss manifold, or go through an oxy-

gen scrubber and then to the maniifold. The oxygen scrubber was added

to remove trace amounts of oxygen out of the argon gas. The oxygen

content of the gas after passing through the scrubber is less than

0.1 ppm. The scrubber is protected by two check valves from
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Figure 29. Main glass manifold of vacuum system.
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TABLE III. VACUUM SYSTEM PARTS LIST.

Symbol Description

otOr

lkSS-4C-1

AZ8194-20

ITSS-8BK

K

SS-1KS4 Whitey stainless steel valve

SS-4SG-TFE Nupro very fine metering valve

Nupro check valve

Ace 0-10 mm high vacuum stopcock

Nupro stainless steel bellows valve

1/2" stainless steel flexible tubing
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inadvertent contamination. Auxiliary input F allows a gas to go

through the oxygen scrubber and be mixed with a gas coming in

through another input that has not been scrubbed. For example,

scrubbed argon could be quantitatively mixed with pure oxygen in

this way. The above components have been mounted on to a panel, con-

structed by Gerhard Beenen (94), for convenience. This is shown in

Figure 31.

From the glass manifold the gases go to the chamber through 1/2"

stainless steel tubing. The chamber can be sealed by two stainless

steel bellows valves. These make the chamber virtually leak-free

over a period of days. A return line of 1/2" stainless steel tubing

connects the chamber to the vacuum pump. An extra fine metering

valve can be used in this line for continuous flow operation, if

desired.

Microprobe Laser

The microprobe laser is a modified Synergetics Chromabeam 1070

coaxial flashlamp pumped tunable dye laser. The laser is run with

rhodamine 6G dye, whose structure is shown in Figure 32. This gives

the laser a lasing maximum at 5800 Angstroms. The concentration of

dye used is 1.4 x 10-4 molar or 270 milligrams of R6G chloride in

four liters of 50% water-50% methanol solvent. This concentration

was chosen after the following study was made. Figure 33 shows a

plot of the output energy of the laser versus the amount of dye. This

plot indicates that a high dye concentration would be best, giving the

most energy. It does not, however, show what the energy distribution

across the beam is like. The beam diameter is approximately one cen-

timeter. If the laser is fired at a piece of unexposed developed

Polaroid film, a spot of the beam is formed. This gives qualitative

information of the cross-sectional energy of the laser beam. As the
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Figure 31. Photograph of vacuum control panel.
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Figure 33. Plot of microprobe laser output energy versus
amount of rhodamine 6G dye.
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dye concentration increases from low levels, the energy and beam

cross-sectional energy increase uniformly. At a level of 300 milli-

grams, however, the outer region of the lamp absorbs most of the

flashlamp pump energy. On the film this gives an intense outer ring

with a darker inner one. Since the goal is a uniform beam with high

energy, a compromise concentration of 270 milligrams of rhodamine

6G is used. This gives high energy with a relatively uniform beam

cross-section.

The output energy of the laser is also linearly related to the

flashlamp voltage as indicated by Figure 34. The system is usually

run at 24 kV, because the 0.3 mfd. main capacitor is rated at 25 kV

maximum. The pulse width of the laser is approximately one micro-

second. The stored electrical energy would yield 86 megawatts of

optical power if the yield was 100%; the efficiency of the laser

approximately 0.06%. This gives 50 kilowatts of optical power per

pulse. This represents a power density of 64 kW/cm2 unfocused, and

70 MW/cm2 focused. The maximum firing rate for this laser is limited

to about once every five seconds, because the lamp is cooled only by

the circulation of the dye solution through it. The lamp that is in

current use is supplied with a cooling coil wrapped around the out-

side. This would allow a higher repetition rate, but it has not been

used to date.

The firing electronics for the laser located in the laser head

have been modified by J. W. Hosch (92) and J. Fitzpatrick (95). A

schematic diagram of the circuit after modification is shown in

Figure 35 and listed in Table IV.

The optical components of the microprobe laser have been modi-

fied by the author and Gerhard Beenen (94). All of the wavelength

tuning elements that were originally with the laser have been re-

moved. The wavelength of the laser is not important, but the energy

is. The major changes on this system were made on the reflectors.
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TABLE IV. MICROPROBE LASER FIRING ELECTRONICS PARTS LIST.

Part Number Description

Q1 HEP 170 Bridge rectifier

Q2 MPSUO2 NPN transistor

D1,D2 IN4005 Diode

D3 IN4733A Zener diode

SCR1 RCA4055 SCR

Ti 11OVAC Primary 800 VCT Secondary Transformer
T2 TT-180-42 U.S. Scientific Instruments Trans-

former

R1-R3 56 Kn 10% 2-watt Resistor

R4 27 2 " n n

R5 20 Kn " 1/2-watt "

R6 40 Kn "
.,

R7 240 IC.Ei "
u u

R8,R9 15 1 "
n n

R10 5 1(52 " 40-watt "

R11 100 2 " 1/2-watt "

C1 2 mfd 1000 VDC Capacitor

C2 1.5 mfd 400 VDC "

C3 0.3 mfd 25 kV II

C4 0.1 mfd 1000 VDC "

C5 1.0 mfd 400 VDC "

G1 Spark gap

1,1 DL-10 Phase-R flashlamp
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Both the front and rear reflectors of the laser are mounted on pre-

cision optical mounts that control the yaw and pitch of the reflec-

tors. Both mounts were bolted to the aluminum case of the laser ap-

proximately 50 centimeters apart. The controls for the rear reflec-

tor were extended out the back of the laser for easier tuning. This

system was totally unacceptable for several reasons. One, since the

mounts were bolted to the aluminum base and separated by a large dis-

tance, thermal expansion of the aluminum would cause beam degrada-

tion, by altering the parallelism of the reflectors. The second prob-

lem concerned the controls for the rear reflector. When they were ex-

tended out the back of the laser, no provision was made to support

the extension rods. Consequently they were very crude; the slight-

est touch could totally detune the laser. These problems were re-

duced by totally redesigning the system.

To minimize the thermal problem, the lead of other laser manu-

facturers was followed. The front and rear reflector mounts were

fixed to each other by three quartz rods. The front reflector was

also bolted to the aluminum case as before. The rear reflector

mount was left floating, only connected to the quartz rods. This

fixed the position of the front reflector, and hopefully the rear

reflector position would be more stable due to the low thermal co-

efficient of expansion of the quartz. We chose to fix the position

of the front reflector for an important reason. The direction of

the output beam of the laser can be altered by changes in the position

of the front reflector. By fixing its position, the microprobe laser

beam position is also fixed. This is important if reproducible

crater location for spatial studies is to be expected. At the same

time the old controls on the rear reflector were replaced with high

resolution differential micrometers. These are very smooth and

allow for much easier tuning. The result of these additions has been
very good. The stability of the beam is much greater. The laser is
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now stable for periods of up to a week, and then it only requires

minor tweaking to peak it Ur). Figure 36 shows the microprobe laser

optics as they are now. Appendix V contains the design drawings for

these modifications.

The method used to tune the microprobe laser is quite interest-

ing and is shown in Figure 37. For normal laser operation the beam-

splitter is in position A, and the white card is removed. To tune

the laser, however, the beamsplitter is reproducibly translated

into position B. When the beamsplitter is in position B, the laser

cannot fire, because of an electrical interlock. This prevents

damage to the fragile beamsplitter and personnel. The helium-neon

laser is now turned on. Its beam travels down and reflects off of

the beamsplitter, through the front reflector back to the rear re-

flector. From the rear reflector, it travels back through the front

reflector through the beamsplitter and onto the white card. When

the two reflectors are parallel they act like an interferometer and

an interference pattern is produced on the white card. The rear re-

flector micrometers are used to adjust the parallelism of the two

reflectors. This method of tuning the microprobe laser is only used

for major realignment. In day-to-day use, the laser is tuned by

monitoring its output power or by firing the laser against the

Polaroid film, which has already been discussed.

The power of the microprobe laser beam is measured by a laser

power monitor located directly after the beamsplitter shown in

Figure 37. Inside of this device is another beamsplitter. The bulk

of the laser beam travels through the beamsplitter on to the micro-

probe chamber. The weak reflected portion travels down through a

variable neutral density filter onto a photodiode where it is moni-

tored. A schematic of this circuit is shown in Figure 38 and Table

V. This circuit has been described in detail by Piepmeier (96).
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Figure 36. Microprobe laser optics.

1) Quartz stabilization rods.
2) Front reflector and mount.
3) Flashlamp.
4) Differential micrometers.
5) Rear reflector and mount.
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TABLE V. LASER POWER MONITOR PARTS LIST.

Part Number Description

IC1 148A Analog devices op-amp

IC2 M501D "
n n

D1,D4 (a) HP-5082-4203 Hewlett-Packard photodiode

D2,D3 IN459A Diode

R1 (b) 100 Q 1% Resistor

R2,R5,R9 1 K2 "
n

R3,R4,R6 100 K2 " n

R7 (c) 1 MEG2 " n

R8 1 Kfi Trim pot

R10 5 /62
"

n

Cl (d) 0.001 mfd Capacitor

C2 100 pfd n

C3 0.1 mfd n

S1 W171 DIP-25 Magnecraft reed relay

(a) UV-040-B EG and G photodiode in CMX-4 monitor.

(b) Present in CMX-4 monitor only.

(c) 10 MEG:.C2 in CMX-4 monitor.

(d) 100 pfd in CMX-4 monitor.
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Excitation Laser

The tunable dye laser used for the excitation of the species in

the sample plume is a Chromatix CMX-4 laser. This laser is equipped

with the narrow band etalon, and ultraviolet doubling crystal op-

tions. This instrument is very reliable and has undergone only minor

modification. It will lase over a broad spectral region depending on

the dye used. Two dyes were used for this work: rhodamine 6G chlor-

ide and rhodamine 640 perchlorate. These give a lasing region of

5600 to 7100 Angstroms in the fundamental and 2800 to 3500 Angstroms

in the doubled mode. The structure of rhodamine 6G has already been

shown in Figure 32, and the structure of rhodamine 640 is shown in

Figure 39.

The shape and cross-sectional energy distribution of this laser

beam is very important. The more reproducible and uniform the beam

is, the more reproducible the fluorescence data. To keep the beam

as stable as possible it was found that the temperatures of the laser

dye and of the cooling water are very important. In order to control

the temperatures, the cooling water system for the laser was removed

from inside the power supply and placed with the dye tank in an in-

sulated box. Stainless steel coils with cooling water running

through them were placed in each tank. The dye or laser cooling

water temperature was controlled by altering the flow rates through

these coils. For maximum beam power, quality, and reproducibility

the temperature of the dye must be one to 1.5° C. warmer than the

cooling water, which is kept at about 18° C. The temperature differ-

ence between these two solutions is constantly monitored during an

experiment. A simple circuit using Analog Devices AD590 temperature

probes is used for this measurement.

The laser is also equipped with a vacuum cleaner motor in it to

exhaust ozone out of the laser head. This motor was also removed

and placed in the insulated box along with the dye tanks. All of



Figure 39. Structure of rhodamine 640 perchlorate
laser dye.
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these motors are in the box because of its soundproofing ability,

and because it is connected to the building exhaust system to re-

move the ozone. Before this was done, the ozone level in the lab

was quite a problem.

The two main wavelength tuning elements for this laser are the

birefringent filter and the etalon. Stepper motors were added to

each of these for computer control, and reproducible manual con-

trol. These stepper motor-controlled wavelength devices are a

crucial part of the laser microprobe experiment.

The CMX-4 laser beam, after it leaves the laser, travels along

the optical table through the microprobe chamber and, therefore, the

plume. On its way it encounters two devices: a beam blocker and a

laser power monitor. The beam blocker is a computer controlled

solenoid that can block the beam from the experiment when desired.

This allows the dark currents for all of the detectors to be moni-

tored. The laser power monitor is exactly like the laser power

monitor used in the microprobe laser beam. The only difference be-

tween the two is that the microprobe laser detector photodiode is a

Hewlett-Packard HP-5082-4203, and the CMX-4 detector uses an EG and

G UV-040B photodiode. This is done because the HP-5082-4203 photo-

diode is not ultraviolet sensitive (see Figs. 40 and 41).

The power output of the Chromatix CMX-4 laser is less than that

from the microprobe laser. Its beam diameter is considerably less,

approximately three millimeters for the CMX-4, compared to one centi-

meter for the microprobe laser. The pulse length of the CMX-4 laser

is approximately one microsecond. This gives an output power of

6 kW per pulse in the visible, and about 600 watts per pulse in the

ultraviolet. This gives a power density of approximately 85 kW/cm2

in the visible and 8.5 kW/cm2 in the ultraviolet.
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Laser Synchronizing Circuit

The electronics that control the firing of both the microprobe

laser and the excitation laser were originally constructed by J. W.

Hosch (92) and have been modified by others since then.

The circuit was designed to perform three functions: fire the

microprobe laser and/or the CMX-4 laser in a free-running mode; fire

either the microprobe laser or the CMX-4 laser with the computer;

synchronize the firing of the CMX-4 laser to the microprobe laser

either in the free-running mode or by the computer. A block diagram

of this circuit is shown in Figure 42.

The chromatix CMX-4 laser puts out a 60 Hz gate pulse. This

gate pulse is used as the master clock for the whole laser synchro-

nizing circuit. The first section of the laser synchronizing cir-

cuit is a frequency divider, shown in Figure 43 and Table VI. Its

purpose is to divide the rate of the 60 Hz gate pulse down by a

selected number to produce the desired firing rate for the lasers.

The number is selected by a series of micro DIP switches. The maxi-

mum firing rate for the CMX-4 laser is 30 Hz, so the smallest number

that can be selected by this circuit is 2.

This new lower frequency clock goes now to a complex series of

retriggerable monostable multivibrators with various fixed and vari-

able delays. These produce the correct pulses to do all of the

various things needed in the microprobe experiment. A schematic

diagram of this circuit is shown in Figure 44 and Tables VII and VIII.

A simplified description will be given using Figure 42. The clock

pulse coming out of the frequency divider section is the trigger for

two delays: lA and 1B. Delay lA sends out a 230 microsecond pulse

to the computer, delay 2A, and delay 3A. The pulse tells the com-

puter that the experiment can now proceed. Delay 2A does the actual

firing of the microprobe laser. It is triggered by either delay lA
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TABLE VI. FREQUENCY DIVIDER PARTS LIST.

Part Number Description

IC1 SN7425 NOR gate

IC2-1C5 SN7442 4-line to 10-line decoder

IC6-1C9 SN74192 4-bit up down counter

S1 -S4 Micro DIP switch

S5 Rotary Switch

R1-R3,R8 1000 S2 1/2 watt 1% Resistor

R4 10 Ka "

R5 100 KO II 11 11

R6 II II2.7 MEG0 "

R7 6.6 MEGO "
n n

R9 330 52 n IT II

R10 6800 0 II II II
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TABLE VII. LASER SYNCHRONIZING CIRCUIT PARTS LIST.

Part Number Description

Delay 1A,2A,3A,1B,2B,3B,4B SN74221 Dual monostable multivi-
brator

Delay 4A 555 Monostable multivibrator
IC1-IC4 SN7400 NAND gate
Q1,Q3,Q4 2N3906 PNP transistor
Q2 2N1304 NPN n

Q5 2N3904 "
n

D1,D2,D5,D7,D8 1N4151 Diode
D3 1N753 6-volt Zener diode
D4 1N3731 Diode
D6 1N4733 5-volt Zener diode
R1,R5,R27,R28 50 K2 Trim Pot
R2,R35 33 Kn 1/4 watt 5% Resistor
R3,R15,R31,R37 1.8 K2 " "

n

R4,R7,R10,R11,R14,R19,R23,R30,R33 1 K2 u II II

R6,R8,R12,R17 10 K2 If 11 II

R9 10 2 1/2 watt "
n

R13
R16,R21

5.6 KO 1/4 watt "
n

n560 2 u u

R18 1.2 K2 "
n n

R20,R29 1.5 K2 " 11 II

R22 470 2 u If If

R24 8.2 K2 "
n n

R25 100 Kn "
II 11

R26,R34 4.7 K2 "
n n

R32,R36 100 0 n n n

C1,C3,C11,C20-C23 0.001 mfd Capacitor
C2,C15 0.01 mfd n

C4,C7,C9,C10,C13 1 mfd n

C5,C16,C19 0.02 mfd n

C6,C12,C14 0.0047 mfd in

C8 4.7 mfd n

C17,C18 680 pfd n

Sl,S3,S4 SPDT Switch
S2 DPDT "

B1 304116 12.6-volt Mallory mercury
battery
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TABLE VIII. EDGE CONNECTOR CODE FOR LASER SYNCHRONIZING CIRCUIT.

Letter Purpose

A Ground

B +5 volts

C Frequency divider pulses in

D Out to computer Bit #1, 167774

E From computer Bit #2, 167772, fires CMX-4

F Microprobe laser fire pulse

G --

H CMX-4 laser fire pulse

I --

J Reset relay pulse out

K To computer, Bit 0, 167774

L From computer, Bit 1, 167772

M From computer, Bit 0, 167772, fires microprobe
laser

N 12.6 volts out from battery

0 --

P FET switches pulse out (gated integrators)

Q

R --

S +5 volts out

T From frequency divider box, reset relay resistor
selector

U To computer, Bit 7, 167774 (65 microseconds)

V Pulse out from either Bit 2, 167772 or from delay
1B

W Sends out a 1.5 msec pulse after microprobe laser
fires

X 23 microsecond pulse out from CMX-4 peak shape

Y CMX-4 peak shape pulse in

Z Microprobe laser peak shape in
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if in the free-running mode or by the computer when in the computer-
firing mode.

Delay 3A, which is also triggered by delay lA sends out a 14
millisecond pulse to the reset relay in the laser power monitors to
clear them after each laser shot.

Delay 1B is the same as delay lA except that its output pulse
width is 23 microseconds. It is also monitored by the computer.
Delay 2B is fairly complex. It has two modes of operation: free
run and fire both. In free run it acts exactly like delay 2A. It
is triggered by delay lB or the computer. Delay 2B fires the CMX-4
laser. In the fire both mode, which is the most commonly used mode,
delay 2B is triggered by a pulse from the microprobe laser power
monitor. This is the mode that fires the CMX-4 laser at a specifi-
cally chosen time after the microprobe laser has fired. This allows
the time-resolved studies to be made.

Delay 3B, which is triggered by delay 2B, sends out a pulse to
the gated integrators on the detectors. It sets the integration
time for the detectors. The pulses from the laser synchronizing
circuit are shown in more detail in Figures 45 through 47.

Detection System

The optical information from the plume is collected by a pair
of high-quality parabolic mirrors in an over/under configuration.
These mirrors have a 350 millimeter focal length and are coated for
ultraviolet reflection. Mirrors were chosen for this transfer be-
cause of their freedom from chromatic aberration. The over/under
configuration is used because it compensates for coma and astigmatism
of the side-by-side mirror configuration of the monochromator. A
good discussion of these problems and their minimization is given by
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Goldstein and Walters (97).

The image is transferred to the entrance slit of a Heath EU-700

monochromator (see Fig. 48). The slits of the monochromator were

calibrated using a continuous wave helium-neon laser as a source and

monitoring the photomultiplier tube output with the computer. This

plot is shown in Figure 49. The least squares fit of this data

gives Y = 1.50 X - 38.8 with an r2 value of 1.00. This gives a zero

slit width of 26 microns on the dial. All of the slitwidth settings

were corrected with this value.

A photomultiplier tube is attached to the exit slit of the

monochromator to convert the optical levels into electrical signals.

The photomultiplier used is a special red-sensitive RCA CA31034

tube. A plot of its spectral response is shown in Figure 50. The

photomultiplier tube is operated in the -750 volt to -900 volt range.

Figure 51 is a plot of the photomultiplier tube output as read by

the computer versus the CMX-4 laser energy at a voltage of -900

volts. The plot is relatively noise-free and is linear, indicating

that the photomultiplier tube is not being saturated, biased at

-900 volts, using the light levels that are experienced during a

microprobe experiment. The noise level that is observed in the plot

is probably due more to fluctuations in the CMX-4 beam shape than

photomultiplier noise.

The current of the photomultiplier tube is monitored by a gated

integrator. This device converts the integral of the photomultiplier

tube current into a voltage level that is read by the computer.

Figure 52 and Table IX show a circuit schematic for this device.

The gate pulse from the laser synchronizing circuit turns tran-

sistor Q4 on, causing the gate of Q2 to go low. At the same time

transistor Q3 is turned off, causing the gate of Q1 to go high.

Therefore, Q2 is on and Ql is off. When Q2 is on, the photomultiplier

tube current charges up capacitor C2. The potential is negative with
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Figure 48. Collection optics for laser microprobe experiment.

1) Over/under mirror pair.

2) Monochromator entrance slit.
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TABLE IX. GATED INTEGRATOR PARTS LIST.

Part Number Description

Q1,Q2 2N5116 FET

Q3,Q4 2N3563 NPN transistor

IC1,IC2 CA3140 OP-Amp

Ri 22 MEG 2 1/4-watt 5% Resistor

R2 100 Q .1/2-watt "
n

R3,R4,R6,R7,R15 2200 2 II n II

R5,R9 10 g2 II II 11

R8 111 K.2 II n

R10,R16 47 2 n n n

R11 150 KQ n 11 11

R12 500 K2 Tim pot

R13 1800 n 1/2-watt 5% Resistor

R14 18 K2 n It It

Cl 5 pfd Capacitor

C2 270 pfd "

C3 25 pfd n

C4 0.1 mfd "

S1 SPST Switch
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respect to ground. IC1 is a voltage follower of this potential.

IC2 is a voltage inverter with gain. Switch S1 determines the level

of gain, either 10 or 1.2. Resistor R12 is used to adjust for zero

output voltage when there is no light falling on the photomultiplier

tube. As soon as the gate pulse is over, the R1, C2 network begins

to discharge. The time constant is relatively long, 6 milliseconds.

Sixty microseconds after the gate pulse the computer reads the in-

tegrator output. During the time when the gate pulse is low, FET

Ql is on, shorting the photomultiplier tube to ground so that there

is no voltage level built up on the capacitance of the photomulti-

plier tube cable. Figure 53 shows two traces of the output of this

device. The upper trace A shows what the output of the gated inte-

grator is with no light striking the photomultiplier tube. The

lower trace C shows the same output, but in this case light is

striking the photomultiplier tube. Traces B and D show the gate

pulse. The computer reads the gated integrator output 60 micro-

seconds after the gate pulse, which is off scale in both traces but

still in a fairly linear region.

For atomic absorption observations of the CMX-4 laser beam, the

monochromator-photomultiplier tube detector is replaced with a simple

photodiode. Figure 54 shows this circuit. The same gated integrator

is used to convert the photodiode current into a voltage which is

read by the computer.

Other Instrumentation

Computer

A Digital Equipment Corporation PDP 11/20 minicomputer is dedi-

cated to the laser microprobe experiment. It is equipped with 16K

of core memory, a paper tape punch and reader, 32 bits of input and
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Figure 53. Oscilloscope traces of the gated integrator
output.

A) Gated integrator output with no light striking the
photomultiplier tube.

B) Gate pulse.

C) Gated integrator output with light striking the
photomultiplier tube.

D) Gate pulse.
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OUT

Figure 54. Photodiode detector circuit.
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32 bits of output, 8 multiplexed channels for a 10-bit analog to digi-

tal converter, and two 10-bit digital to analog converters. A

sample and hold circuit is also present in conjunction with the ana-

log-to-digital converter. A Tektronix T-4002 graphics terminal and

a Tektronix 4601 hardcopy unit are also integral with the computer.

Both assembly language and BASIC language programs are used with

the computer.

Timing Circuit

Due to the way in which the chromatix CMX-4 laser is fired,

there is a 4- to 5-microsecond delay with an uncertainty of 0.2

microseconds in exactly when it fires after it receives the fire

pulse. When the jitter time increases, the J-14Y sparkplug that

fires the laser needs to be replaced. A circuit which will put out

a voltage proportional to this time delay was constructed. Its out-

put is then read by the computer. Figure 55 and Table X show this

circuit.

The circuit works quite simply. Resistors R5 and R7 form a

voltage divider network to insure that the 12-volt trigger pulse of

the CMX-4 laser does not destroy IC4. Diode D2 performs much the

same function. It insures that the peak shape photodiode signal

from the CMX-4 does not exceed five volts at pin 2 of 1C4. Pin 3

of 1C4 will only be at logical high if either the trigger or the

peak shape is logical high, but not both. IC5 is a J-K flip flop.

It is wired so that pin 6 is normally high. It is only low during

the time between when the trigger pulse arrives and when the photo-

diode signals that the CMX-4 laser has actually fired. Its pulse

width then is the same as the jitter time. Transistor Q3 is normal-

ly on. It turns off for the length of time that pin 6 of IC5 is low.

When Q3 is off pin 6 of IC2 is high. This turns on one of the FET

switches allowing capacitor C6 to charge up. C6 charges up then for
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Figure 55. Timing circuit schematic.
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TABLE X. TIMING CIRCUIT PARTS LIST.

-Part Number Description

IC1 TL080 OP-Amp

IC2 CD4016 FET switch array

IC3,IC6 SN74121 Monostable multivibrator

IC4 jSN7486 EXOR gate

IC5 :5N7470 J-K flip flop

Ql 2N3393 NPN transistor

Q3 2N3563 "
,,

D1 5.lvolt Zener diode

D2 '1N4448 Diode

R1,R5 ,1500 R 1/2-watt 5% Resistor

R2,R8 10 xn H II II

R3,R9 11330 Q ,, ,,

R4,R10 20 KR! II II II

R6 II1 KR n u

R7 560 R II it II

C1,C4,C5,C7,C9,C11 1 mfd Capacitor

C2 100 pfd "

C3 22 pfd ,,,

C6,C12 0.1 mfd "

C8,C10 0.47 mfd "
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the jitter time of the laser pulse.. After the pulse is over, the

FET switch shuts off, isolating C6 at the potential that it had

charged to. IC1 follows this potential without drawing current and

sends it off to the computer. Diode D1 protects the analog to digi-

tal converter in the computer from an over voltage. IC6 and IC3 are

monostable multivibrators that send out a pulse, well after the com-

puter has read the data, to pin 13 of IC2. This pulse closes

another FET switch in IC2 that shorts out the voltage built up on

C6. This occurs before the next laser pulse, so that the circuit

is ready to go again when it fires. A calibration plot for this

circuit is shown in Figure 56. This plot is quite linear. The

least squares fit of the data gives: charge time (microseconds) =

9.94 (voltage output) - 2.07 with r2 = 0.998 and charge time (micro-

seconds) = 0.0122 (computer reading) - 2.08 with r2 = 0.998,

This circuit performs two functions. One, it gives an accurate

measure of the time lag between when the Chromatix CMX-4 laser is

told to fire, and when it actually does fire, which is useful in

the microprobe experiments. Secondly, it helps to determine when

it is time to replace the CMX-4 sparkplug.

Dust Minimization

The entire microprobe chamber and its associated optics are en-

closed in a large opaque black plexiglas box for dust protection.

The box is 18" high by 28" long by 16" deep. Air that has been

filtered through a 1-micron filter is pumped into the box. Positive

internal pressure is present because of the pump. This keeps the

chamber environment dust-free.
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CMX-4 Wavelength Tuning

Tuning of the Chromatix CMX-4 laser to the correct wavelength

for the fluorescence studies of the plume is very important. The

technique used in our laboratory to tune the laser has been thor-

oughly discussed by Piepmeier and Beenen (44,75-77). Basically, the

CMX-4 laser beam is directed into a hollow cathode lamp that is made

of the material that is being studied. A computer technique has

been developed by Beenen and Piepmeier that will allow the laser to

be quickly adjusted very close to a specific wavelength. This tech-

nique is used to tune the laser very close to the spectral line of

interest in the hollow cathode lamp. The laser is scanned through

the spectral line. During this scan the hollow cathode lamp current

is being monitored. When the laser wavelength equals that of the

spectral transition the hollow cathode lamp current increases. This

allows a very accurate positioning of the wavelength of the laser to

a specific spectral transition. This technique was used to tune the

laser to the two lines of interest in this study: the 6707.84 Angstrom

line of lithium and the 3247.54 Angstrom line of copper.

Programs

The assembly language and BASIC programs which ran the actual

laser microprobe experiment were written by Gerhard Beenen (94).

These programs are shown in Appendix VI.

A BASIC program to analyze the data and plot it was also written

by Beenen and is shown in Appendix VII. The exact mathematical func-

tion used to analyze the microprobe data was not really known before

the program was written. For this reason, the program was written

with a large number of options, in terms of how the microprobe data

could be analyzed. A large general equation was written. This equa-

tion is shown in Figure 57. This equation can handle almost any con-

ceivable function for the microprobe data. The left-hand turn of the
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Figure 57. Master microprobe data equation.
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equation Y, is the actual function that is plotted on the Y-axis.

Some other variable such as time or position is plotted on the X-axis.

The left-hand term in the numerator is the fluorescence or on-wave-

length term. The right-hand term in the numerator is the background

or off-wavelength term. The left term in the denominator is another

background term that allows fluorescence-to-background plots to be

made. The right-hand term in the denominator is a simple correction

term for nonsaturated fluorescence levels. The coefficients for all

of the terms are present for two reasons. One, by making the value

of any coefficient equal to zero, the term that it goes with will

equal unity. This controls which terms are used to analyze the data.

Secondly, in some cases a higher or lower power may be desired which

would be impossible without the coefficients.

For all of the data presented in this thesis, the master equation

has been greatly simplified. The following terms are set equal to

zero, K3, K4, X4, and X5. Terms Kl, K2, X, Xl, X2, and X3 are set

equal to one. This results in the simple equation shown here;

Fluor Sig Back
YPlotted LAS

F
LASE

this is the fluorescence intensity on-wavelength minus the fluores-

cence intensity off-wavelength (background), each ratioed to their

respective CMX-4 laser intensity. The term Y is given the name, flu-

orescence difference signal.

The standard deviation of the microprobe data are also very im-

portant. Standard deviation calculations were set up for any variation

of the master equation. The equations for these standard deviation

calculations were developed by the author. The equations are shown

in Figures 58 through 65. Reference 98 was the source for this work.

Figure 58 shows the basic standard deviation function. The terms
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X1 X4
Las andand LasF are treated as separate variables in the error analysis

calculations because in all cases either X1 or X4 is set equal to zero.

The terms Q through W are used in subsequent equations to simplify the

expressions.

Figures 59 and 60 show the expanded standard deviation term with

the partial derivatives. The terms that are the product of two dif-

ferent partial derivatives are the covariance terms. Some of these

are equal to zero. Those equal to zero are shown with an arrow through

them. The reason that some of the covariance terms are equal to zero

is because they have no relationship, to each other. For example,

there can be no standard deviation contribution from the covariance

between the microprobe laser intensity on-wavelength and the micro-

probe laser intensity off-wavelength because they were taken at com-

pletely different times. However, there could be a contribution from

the covariance between the microprobe laser intensity on-wavelength

and the fluorescence intensity on-wavelength.

Figures 61 through 65 give the values for the partial derivatives

that must be substituted back into the equation. The calculations are

quite complex and take quite long to complete in the program.
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EXPERIMENTAL

Introduction

This experimental section deals with the samples that were used,

and the tuneup procedures required for the laser microprobe studies.

The two types of analytes discussed are copper and lithium, each in a

different matrix. The steps that must be performed to tune up the

system are fairly complex and are outlined. The method used to de-

termine the amount of lithium in its sample matrix is also detailed.

Experimental Sequence

The previously mentioned tuneup steps, which take at least two

hours to complete, will now be discussed.

1. Turn on the Masterline water bath one-half to one hour before any-

thing else. This will allow the bath water to cool to approxi-

mately 13° C. The water in this bath is used to cool the laser

dyes and internal laser components.

2. Turn on the photomultiplier tube power supply to -900 volts. Turn

on both the CMX-4 and microprobe laser dye pumps. Turn on the

CMX-4 laser head cooling water pump. Turn on the laser head cool-

ing water, cooling coils pump. Turn on the temperature gauge cir-

cuit (44), which monitors the temperature difference between the

CMX-4 dye and the CMX-4 laser head cooling water. Adjust the flow

of cooling water through the CMX-4 dye tank coils to keep the dye

one to 1-1/2° C. warmer than the cooling head water. This tempera-

ture difference is extremely important for good fluorescence laser

beam quality. This temperature difference must be monitored and
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adjusted accordingly throughout the experiment.

3. Turn on the five-volt D.C. power supply of the main control panel.

Set the microprobe laser and CMX-4 laser fire switches to "no

fire." Turn on the CMX-4 laser power supply and bring the voltage

up to 7kV. The laser will not fire, but this will allow it to warm

up and thermally equilibrate. Turn on the microprobe laser main

power supply.

4. Install the sample of choice in the microprobe chamber and adjust

its position using the helium-neon alignment laser. Turn on the

vacuum gauge and vacuum pump, and adjust the zero and span of the

gauge.

5. Turn on the photomultiplier tube gated integrator power supply, and

both laser power monitors. Turn on the CMX-4 sample and hold

power monitor circuit at the main control panel. Turn on the pre-

purified nitrogen tank valve. Adjust the nitrogen flows to both

lasters, 1.5 SCFH for the microprobe laser, and 2.SCFH for the

CMX-4 laser.

6. Clear the X,Y,Z-translation stages by the following procedure. Make

sure the stepper motor power supply at the main control panel is

off. Switch the three stepper motors to "run," and push the manual

start pushbutton for each. The run lights for each will come on.

When the run lights go out for each motor, this means that they have

been cleared. At this time, turn off each run switch and turn on

the main stepper motor power supply. Also, turn on the CMX-4 laser

etalon and birefringent filter stepper motors.

7. Turn on the PDP 11/20 minicomputer, the Tektronix terminal, and the

Tektronix hardcopy unit. Push the lighted buttons on the terminal

to, "on line," "TTY," and erase the screen when and if it glows

bright green.
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8. Load the BASIC interpreter tape (16K variable size with EXF25 and

editor) into the computer using the loader that starts at address

077500. Set the upper limit of BASIC by loading 063000 into

address 013712. Load in the binary portion of the microprobe

operating program using the loader that starts at 077500. Load

the BASIC portion of the microprobe operating program into the

computer by typing OLD [CR].

9. Turn on the CMX-4 laser shot counter and beam blocker power supply.

Make sure that all optical components are clean and in the correct

position. Start the microprobe program by typing RUN [CR].

Choose type 1 mode for the program of choice. This allows setting

the dark currents of the detectors. Adjust the dark current

levels to read between one and 10.

10. Switch the laser synchronization circuit to "computer control,"

"fire both," "fire CMX-4," and "fire microprobe laser." Turn on

the microprobe laser high voltage power supply and adjust to 23 kV.

Set the CMX-4 fixing repetition rate to 3 Hz. Adjust the CMX-4

lamp voltage to slightly below red line, when the laser is actually

firing. This will be approximately 7.5 kV.

11. Using the microprobe program in the type 3 mode, and/or Polaroid

film,
5
peak up the microprobe laser beam power and beam quality

with the tuning micrometers. The power should read between 400 and

900 with an absorber of 1.2 in the detector. The relative standard

deviation in the power should be 2 to 3%. If this level is not ob-

tained after considerable tuning with a lamp voltage of 24 kV, the

dye probably needs to be replaced. Good beam quality will mean a

uniform energy distribution as shown by the Polaroid film, and good

uniformly round craters on the sample. If the microprobe laser

5
See the microprobe laser section in the Instrumentation chapter.
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beam quality is good, but the craters being formed in the sample

are not, then adjustment of the microprobe chamber focusing lens

adjustment micrometer may be necessary. After the microprobe

laser beam and the craters are satisfactory enclose the micro-

probe chamber in its plexiglas enclosure, and turn on the box

purge pump, to keep the box environment dust free.

12. Tune up the CMX-4 laser for best image and power using the front

reflector micrometers, the ultraviolet crystal controls (if an

ultraviolet line is being used), and the internal iris control.

This is done by placing a diverging lens in the beam and shining

it onto a piece of black cardboard. Adjust the controls to give

a uniform round beam with good energy. The relative standard

deviation of the power should be between 3 and 5%. If this level

cannot be obtained, the previously discussed temperature differ-

ence may be off or the dye may need to be replaced. After the

laser has been tuned, adjust its wavelength to the desired

spectral line using the technique fully described in references

44, 75-77. When the wavelength is correct, recheck the laser

tuning. If all is well, adjust the position at which the CMX-4

laser beam travels across the sample to the reference mark.

13. Turn on the sample motor power supply and make sure that the

sample's direction of rotation is correct. Set the atmospheric

composition and pressure of the microprobe chamber and seal it

with the bellows valves. Set the starting X,Y,Z position of the

microprobe chamber translation stages. Set the desired delay

time between the CMX-4 laser and the microprobe laser.

14. Run the experiment and collect the data. The program will collect

up to 40 data points and punch them out at one time. These 40 data

points can be any combination of desired variables such as X,Y,Z

position. For a complete description of the program see reference

44.
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15. To shut down at the end of.the day, all equipment should be

turned off, in the proper order. The microprobe laser high vol-

tage should be turned off first. Reduce the CMX-4 laser lamp

voltage to below 4 kV before turning off. Turn off the hardcopy

unit, terminal, and computer in that order.

16. Analyze and plot the data using the "Super" program discussed in

this work and in reference 44.

This list represents a simplified but fairly complete description

of the sequence that must be undertaken to do an experiment with the

laser microprobe system.

Microprobe Samples

Two different elements were studied in this laser microprobe work.

They were copper and lithium, each in a different matrix.

The copper studies were made on various aluminum alloys that con-

tained small percentages of copper. Type 6061 aluminum alloy was used

most extensively. It contains a nominal percentage of 0.25% copper

(84). This copper level was chosen for its large fluorescence signal

and its relative freedom from pre- and post-filter effects. The

aluminum alloy samples were machined into the 2" diameter, half-inch

thick wheels required by the chamber. It takes approximately 2500

shots to cover the sample surface, at which time the sample is re-

moved and 0.005" of the surface is turned off in a lathe. The clean

sample is replaced in the chamber, and the microprobe laser focusing

lens is adjusted accordingly. In this way a sample will last a very

long time, at least 200,000 shots.

The lithium studies were done in a completely different matrix.

The lithium was held in the emulsion layer of various exposed and
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developed photographic films (Table XI). The procedure for the film

is as follows. The film is exposed to light and developed following

the recommendations of the manufacturer. The film is air-dried com-

pletely and cut into 7" strips. These strips are then soaked in the

lithium solutions for exactly one hour. After soaking, the film is

again allowed to air-dry thoroughly. Next, the film is carefully

trimmed and wrapped around a special aluminum sample wheel. The two

film ends are held in place with a small clip on the wheel. This

wheel is then mounted into the microprobe chamber as usual and

studied.

The following method was developed to analyze the emulsion layer

of these films to determine the amount of lithium present in this

layer.

As accurately as possible, cut up a piece of the film 15 centi-

meters long and one centimeter wide into small pieces and place into

a 10 milliliter volumetric flask. At the same time do this for a clean

piece of film for a blank. Add 2 ml of concentrated nitric acid to

each flask and soak for 30 minutes. At the end of this time heat each

flask carefully until the solutions turn clear, and all of the emul-

sion layer has been removed from the clear acetate base. Quantita-

tively transfer each of these solutions into a 25 ml volumetric flask,

leaving the acetate behind. Add 5 ml of concentrated ammonium hy-

droxide, and 2 ml of a 50 mg/ml potassium solution to each flask. The

potassium will help to suppress any lithium ionization. Dilute each

flask to 25 ml with distilled water. The solutions are now ready to

be analyzed. The methods of standard additions and atomic emission

were used for the computation of the amount of lithium in the film.

The results of this study will be discussed shortly. Table XI lists

all of the chemicals used in the microprobe experiment.
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TABLE XI. CHEMICALS.

Component Description-Use Source

2024 Aluminum

7075 tr,

6061

LiNO3

CH3OH

CsC1

Rhodamine 6G Chloride

11 590 TI

640 Perch-
lorate

Panatomic-X film

Tri-X film

X-ray film

P/P Nitrogen

Argon

Neon

Oxygen

KNO3

NH4OH

HNO3

4.5% Copper Sample

1.6% 11

0.25%

Lithium Sample (a)

Laser Dye Solvent

Ionization Suppressant

Laser Dye

11 it

11

Alcoa

11

Baker 2384

" 7-9070

Aldrich 19,831-5

Eastman 10724

Exciton 05901

I/

Sample Matrix Kodak

11

11

Laser Gas Airco

Sample Atmosphere

06400

NS392T

Matheson

Airco

Ionization Suppressant Malk 7028

Base Malk 3256-4

Dissolve Film Emulsion Baker 3-9601

(a) Various concentrations were used.
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RESULTS AND DISCUSSION

Introduction

The spatial and temporal characteristics of the plume produced

by a laser microprobe are dependent upon the composition and the

pressure of the atmosphere surrounding it. It has been shown that

the amount of sample vaporized with a laser microprobe is indepen-

dent of the pressure and composition of the atmosphere, as long as

the inverse bremssthralung effect is absent (31). The atmosphere,

however, can have an effect on the chemistry that occurs in the

plume.

The effect is most often thought of in the negative sense, as

it can be. For example, in an analysis of lithium atoms in the

plume, the presence of any oxygen in the atmosphere above the sample

would be detrimental. The lithium and oxygen react quickly causing

a decrease in the free lithium atom concentration, and therefore

also the lithium atom analytical signal.

The atmospheric effect on the plume chemistry can also be a

positive influence on an analytical signal. For example, hafnium

and zirconium both are difficult to analyze by conventional means due

to their formation of refractory oxides. If a gaseous species such

as hydrogen is introduced into the plume atmosphere, it might prefer-

entially react with any oxygen present and thereby increase the haf-

nium or zirconium free atom levels. Another study demonstrating the

positive influence of the atmosphere was observed in our laboratory.

In this case the atomic absorption of aluminum in the plume was being

studied. Under the same conditions the absorbance of the aluminum

in an air atmosphere was 0.22, while the absorbance of the aluminum

in a propane atmosphere was observed to be 1.5. This difference is

probably due to the formation of aluminum oxide in the air atmosphere.
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Other workers have noted the rapid formation of aluminum oxide in the

plume when oxygen is present (65,44).

Since the studies completed in this work were concerned with

atomic fluorescence, the presence of molecular species is of inter-

est for another reason, since molecular species are known to quench

fluorescence (91). This effect is examined since oxygen is present

in the atmosphere for some of the studies.

It has been well-documented that under a given set of atmos-

pheric conditions the analyte species distribution within the plume

is constantly changing (11,30-32,38,43,45,87,88). These spatial and

temporal differences can often be exploited to increase the analyti-

cal signal. For example, the analyte and background signal intensi-

ties often do not temporally or spatially coincide and so can be

separated, to advantage. This means that the kind of three-

dimensional spatial and temporal mapping of the plume that this

work is concerned with can be very important. The system used here

has the capability of observing as small a fraction as 0.05% of the

plume. This high degree of spatial resolution is conducive to ob-

taining diagnostic spatial information. Hopefully this work will in-

crease the understanding of the plume, and allow some of the more im-

portant conditions such as atmospheric composition, atmospheric

pressure, time of observation, length of observation, and location

of observation to be chosen. This type of information would benefit

not only laser atomic fluorescence studies of the plume, but all of

the techniques that use a laser microprobe.

Method of Data Acquisition

All of the data shown in this work was taken in the same way.

For each shot of the microprobe laser, ten pieces of data were
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collected and stored by the computer. Table XII lists these data.

The ten pieces of data collected per shot of the microprobe laser

are shown, numbered one through ten. For each shot of the microprobe

laser there are nine shots of the CMX-4 laser. The CMX-4 laser fires

eight times, four with the beam blocker in the down position to block

the CMX-4 laser beam. This allows the detector dark currents to be

measured. The next four CMX-4 laser shots are taken with the beam

blocker out of position to monitor the 100% T signals of the detec-

tors. The next laser shot is the microprobe laser, focused down onto

the sample, and finally the CMX-4 laser fires again through the plume

at a chosen delay time. The microprobe program can handle 40 sets

of these data groups, before punching them out on paper tape. A set

of ASCII data is punched out at the end of the binary data giving the

experimental conditions. Not all of the stored data is used by the

program to calculate the fluorescence difference signal. Those that

are used are indicated in Table XII. The usual situation is that five

shots of the microprobe laser are taken with the CMX-4 laser on-

wavelength. This gives the fluorescence data. Next,five more micro-

probe laser shots are taken with the CMX-4 laser stepped off-wavelength.

This gives the background intensity. These ten shots of data are

usually taken under the same set of conditions, like X,Y,Z translation

stage position. Then one of these, say the X-translation stage posi-

tion, is altered and the ten pieces of data are taken again. This

scheme repeats until the desired information has been collected. The

data tapes are then read back into the computer, analyzed and plotted,

using the program shown in Appendix VII. The function plotted on the

Y-axis has already been discussed. This is the fluorescence differ-

ence signal which is,

Fluor Sig Back
Plotted LAS

F
LASE
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TABLE XII. DATA PUNCHED OUT BY COMPUTER.

Order of Data Type Used in Calculation

1) Wavelength Flag 0=0n,1=Off 16-Bit Binary X
2) Photomultiplier dark signal It

X
3) CMX-4 dark signal n

X
4) Microprobe Laser dark signal ,,

5) Photomultiplier light signal n

6) CMX-4 light signal ,,

7) Microprobe laser light signal n

8) Photomultiplier signal on shot ,,

X
9) CMX-4 signal on shot " X

10) Microprobe laser signal on shot n

11) Repeat of these 10 pieces of
binary data up to 40 times

n

n

,,

n

n

12) # data groups ASCII X
CMX-4 absorber value II

X
Microprobe laser absorber

value n
X

Chamber pressure
Time between Microprobe laser

shots

,,

n

Etalon setting
Birefringent filter setting
Steps off wavelength
X-stage initial value
Y-stage ,, n

Z-stage n n

# for stage scanned X=1,Y=2,
Z=3

Scanned stage initial setting
H

" final It

,, increment
# shots at a stage position
Delay 2B initial setting

,,

,,

,,

,,

,,

,,

,,

,,

It

n

n

n

" " final II II

It " increment ,,

(2-7) Averaged over 4 CMX-4 shots.
(8-10) Data taken for microprobe laser shot.
(11) This is a maximum of 40 microprobe laser shots.
(12) These 19 pieces of ASCII data are punched out at the end

of the binary information.
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where,

Fluor Sig = Fluorescence Signal intensity

LAS
F

= CMX-4 laser intensity on-wavelength

Back = Background signal intensity off-wavelength

LAS
B

= CMX-4 laser intensity off-wavelength.

The error bars on the data are the mathematically calculated values

for the above equation that have also been previously discussed.
6

Certain axis and sign conventions have been used throughout this

work. Figure 66 shows these conventions. For example positive Y-axis

values would be from the center of the plume out towards the mono-

chromator. Negative X-axis values would be from the center of the

plume out towards the CMX-4 laser. The reader will want to become

familiar with this figure and refer back to it from time to time.

Lithium Study

The first element that was studied by laser atomic fluorescence

in the laser microprobe system was lithium. This element was chosen

because it is very reactive with oxygen. It was hoped that this re-

activity would yield the kind of atmospheric mixing data that was de-

sired. The other reason that lithium was chosen is because of its

very strong spectral line at 6707.84 Angstroms, a line that was easy

to tune the CMX-4 laser to.

At the time of the initial lithium studies the CMX-4 fluores-

cence excitation laser was unequipped with the ultraviolet wavelength

option. This severely limited the elements that could be studied.

6
See the Program subsection of the Instrumentation section.
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MICROPROBE LASER BEAM

PLUME

Y-AXIS
MONOCHROMATOR 4--- --

MONOCHROMATOR 4----

SAMPLE
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DIRECTION THAT
FLUORESCENCE
LASER BEAM
TRAVELS

X-AXIS

Y-AXIS

TOP VIEW IN
DIRECTION THAT
MICROPROBE
LASER BEAM
TRAVELS

FLUORESCENCE EXCITATION LASER BEAM
NOTE: DRAWINGS NOT TO SCALE

Figure 66. Axis and sign conventions used for laser
microprobe data.
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The other main problem was that the computer wavelength setting pro-

cedure discussed in references 44, 75-77 had not yet been developed.

A different technique was used tc set the laser to the 6707.84-

Lngstroo lithium line. An evacuated cell containing a small piece

of lithium metal was placed in the path of the CMX-4 fluorescence

excitation laser. This cell was heated externally, creating a vapor

of free lithium atoms in the cell interior. The laser beam travelled

through this cell and onto a photodiode detector. The laser wave-

length tuning controls were adjusted or scanned. When the laser

wavelength equalled the lithium line wavelength, a fraction of the

laser beam is absorbed. A transmittance spectral profile with fea-

tures similar to the fluorescence excitation spectral profile is

shown in Figure 67. The three peaks are due to the two naturally

occurring isotopes of lithium, 7Li (92.6%), and 6Li (7.4%). The

laser wavelength is set at the center of the strongest peak which is

approximately 0.05 Angstroms in width at half-height. This method,

using a low pressure cell, only works with elements that can be main-

tained in a vapor state at a fairly low temperature, and also have.ex-

tremely strong ground state spectral lines in the laser lasing region.

Only two elements really meet these requirements: lithium and

sodium. Figure 68 shows a wavelength profile of the same 6707.84 -

Angstrom lithium line but with the more recently developed hollow

cathode method (44,75-77). The half-width of the line with the cross-

hair through it is again approximately 0.05 Angstroms.

Preliminary Studies

Some of the first studies conducted with lithium were made to find

a convenient matrix system. The matrix had to be something that was

easy to get lithium into, easy to handle in the microprobe chamber and

hopefully give good fluorescence signals with a low background. The

use of some type of film or paper as the matrix seemed a good choice
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Figure 67. Absorption profile of the 6707.64-Angstrom line
of lithium.
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Figure 68. Laser induced impedance change of the 6707.84-Ingstrom
lithium line in a lithium hollow cathode lamp.
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because it would be very easy to handle, and it should be very easy

to get the lithium into it by soaking in a lithium solution. Three

types of film and two types of paper were tried as the matrix.

Table XIII summarizes this study. Both types of white paper gave no

fluorescence or background signals at all. No definite crater was

formed in the paper; a small roughened up area was the only effect.

For the films, the Tri-X black and white film gave by far the best

results with a fluorescence signal that averaged 668 (maximum 1024)

and a background of 71. This gives a signal to background ratio of

9.4. Almost all of the lithium studies were made using the Tri-X

film.
7

The amount of lithium in the emulsion laver of the film was de-

termined by the method discussed in the experimental section. Basic-

ally, two known areas of film were dissolved and diluted to a known

volume separately. One contains lithium, the other does not and is

the blank. The amount of lithium in the solution was determined by

atomic emission using a Varian AA-5 and the method of standard addi-

tions. The following equation was used to determine the amount of

lithium in the solution:

where,

S
u

V
s

C
s

= C
u

( S

u+s
v
F

- S
u
v
u

)

S
u

= The emission signal of the unknown

V
s

= Volume of the standard added to the unknown

C
s

= Concentration of the lithium standard

C = Concentration of the lithium unknown

=
Su+s

Emission signal of the unknown standard

7
Some of the early studies were done using the Kodak NS392T x-ray

film. They will be noted as such when they occur in the data.
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TABLE XIII. LITHIUM MATRIX STUDY.

Matrix

a
Fluor-

escence a rel.a

a
Back-
ground a rel.a

Tri-X black
and white
film

668 95 14% 71 15 21%

Panatomic-X
black and
white film

54 18 34% 26 2 8%

X-ray film 280 51 18% 50 8 16%

Reeve-Angel
#202 filter
paper

none none

White note-
book paper

none none

a) For each matrix 20 shots were taken on-wavelength and 20
shots off-wavelength. The conditions are 30 torr argon at-
mosphere, 5 microsecond delay time X=0, Y=0, Z=1 millimeter,
lithium concentration is 104 milligrams per liter, 100
micron monochromator slits, photomultiplier tube is at -850
volts.

a = standard deviation.

rel. a = % relative standard deviation.
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V
F

= Final volume of the unknown + standard

V
u

= Initial volume of the unknown.

If the left-hand term of the equation is plotted on the Y-axis and

the right-hand term in parenthesis on the X-axis, then the slope of

the resulting plot will be the unknown concentration. This equation

was developed to correct for the dilution of the unknown by the addi-

tions of the standard lithium solution. This plot is shown in Figure
69. The lithium concentration determined from this data is 0.52

milligrams per liter. Knowing the solution volume and the area of

the film, the amount of lithium per film area can be calculated. It

was determined that 3.6 x 1014 atoms of lithium are present per

square millimeter of film. This number is used to calculate the num-

ber of lithium atoms ejected per shot.

This same determination was made using a different technique as

a cross check. A known area of the film was weighed dry and then

soaked as usual in the lithium solution. After this time the film

was put on a balance and weighed as a function of time. A plot of

this data is shown in Figure 70. By extrapolating back to zero time,

the wet weight of the film can be calculated. Knowing the concentra-

tion of the lithium solution, the amount held in the film can be cal-
culated. The result gave a concentration of 4.2 x 1014 atoms of

lithium per square millimeter of film. The two determinations agree

fairly well. In the second method it was assumed that the amount of

lithium held in the emulsion layer of the film is the same as the

amount of lithium held in the original solution. This may not be

true since either the lithium or the water could be held preferen-

tially in the film matrix. For this reason the value calculated from

the atomic emission determination, 3.6 x 1014 atoms per square milli-

meter, will be used. It was determined that no lithium was held in

the acetate base layer of the film. The weight percent of the

lithium in the emulsion layer was determined to be 1.1 x 10-2%.



143

250 4 50
S S V

650 650 1050 12 50 14 50
( V - )uft f U

Figure 69. Plot for the determination of the amount of lithium
held in the emulsion layer of the film matrix by
atomic emission.
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Figure 60. Plot for the determination of the amount of
lithium held in the emulsion layer of the film
matrix by amount of water held.



145

The number of atoms ejected into the plume per shot can be cal-

culated by two methods. One, by knowing the diameter of the craters,

their area can be calculated. Assuming that all of the emulsion layer

has been atomized in a crater, then the product of the crater area

and the number of atoms per unit area will give the total number of

lithium atoms ejected. The craters vary in diameter from one-half to

one millimeter in diameter. This yields from 7 x 1013 atoms to

3 x 1014 atoms of lithium in the plume per shot. The second method

is done by weight. if the film is weighed before being put into the

Chamber and then a known number of craters have been fired into it,

the weight loss per shot can be calculated. This weight was found to

be 12 micrograms per shot. Calculation yields 1 x 1014 atoms of

lithium ejected per shot. This latter number agrees well with the

numbers calculated by the area method. In some cases the CMX-4 flu-

orescence excitation laser has been focused by a lens to give very

high spatial resolution. In these cases, 1/2000 of the total plume

volume is being observed at one time. This means that 5 x 1010 atoms

of lithium can be easily detected by the laser microprobe system.

Noise Study

The relative standard deviation in the fluorescence intensities

for the laser microprobe experiment typically are in the 15% range.

It was felt that most of this noise was occurring because varying

amounts of plume material was entering the viewed volume from shot

to shot. Two experiments were designed to check this. In the first,

the microprobe sample was replaced with a homogeneous piece of opal

glass placed at an angle so that the CMX-4 laser beam was reflected

towards the monochromator. A plot of photomultiplier output versus

CMX-4 laser beam intensity was constructed. This plot is shown in

Figure 51. The very low level of noise observed in this data (less

than 0.5% relative standard deviation) shows that the electronics

noise is not a significant source overall. The second experiment was
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designed to show the noise contribution from variations in the sample

plume. In this experiment the CMX-4 laser was replaced with a con-

tinuous wave helium-neon laser: The monochromator was set to the

6328.2 - Angstrom line of the laser. The system was then run as usual.

Since the helium-neon laser intensity is constant, the variability in

the scattered signals is due only to differences in the numbers and

sizes of scattering particles in the plume. Figure 71 shows a plot

of the helium-neon scatter signal as a function of the microprobe

laser intensity.

Two conclusions obtained from this plot are that the scatter in-

tensity increases with the microprobe laser intensity, and more impor-

tantly that most of the noise in the scatter signal is due to plume

variations. The relative standard deviation in the scatter signal, in

the 400 to 800 range for the microprobe laser, is approximately 11%.

At this point there doesn't appear to be a way to reduce this level of

noise with the possible exception of polarizers.

Ionization Study

Since lithium has a fairly low ionization potential--5.39 volts--

a study was made to determine whether or not lithium was significantly

ionized in the plume. A large excess of cesium was added to a lithium

sample. Since the cesium has a lower ionization potential--3.89 volts

--it should flood the plume with a much greater free electron concen-

tration. If lithium ions are in the plume, these free electrons

should result in ion recombination causing an increase in the atomic

signal. Table XIV summarizes these findings. The fluorescence inten-

sity in the presence of cesium is almost a factor of two greater than

in lithium alone, with approximately the same relative standard devia-

tion. This indicates that there is indeed a significant amount of

ionization taking place in the plume. Of importance also is the lack

of any fluorescence signal from the cesium blank. As a result of this
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Figure 71. Scatter signal of a CW helium-neon laser by the plume as
a function of the microprobe laser intensity. The
photomultiplier voltage is -900 volts.
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TABLE XIV. LITHIUM IONIZATION STUDY.

Matrix

a
Fluor-
escence C rel.0

aBack-
ground C rel.c

Lithium 380 62 16% 75 15 20%
(104 mg/L)

Lithium +
(104 mg/L)

Cesium
(25 g/L)

719 103 14% 46 12 26%

Cesium none 10 16 160%
(25 g/L)

a) For each sample 20 shots were taken on-wavelength and 20
shots off-wavelength, and then averaged. The experimental
conditions are, 30 torr argon, 5 microsecond delay time,
X=0, Y=0, Z=1 mm, 750 micron monochromator slits, photomul-
tiplier, tube is at -720 volts, Tri-X black and white film.

C = standard deviation

rel.c = % relative standard deviation
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study, 25 g/L of cesium was added as an ionization suppressant to

most of the lithium samples.

Spatial Scans

X and Y-axis Scans. Fluorescence scans of the plume were made

in each of the X, Y, and Z axis directions. For these scans, the

monochromator axis is in the plane of the page, and the CMX-4 exci-

tation laser beam is perpendicular to the page. For an X-axis scan,

the CMX-4 excitation laser is fixed relative to the plume, and the

monochromator axis intersects the plume at different positions

during the scan. For a Y-axis scan, the monochromator axis is fixed

relative to the plume, and the CMX-4 excitation laser intersects the

plume at different positions during the scan.

The time difference between the firing of the microprobe laser

and the firing of the CMX-4 fluorescence excitation laser was also

varied for some of these axis scans. This time difference is called

the delay time. Figure 72 shows two very interesting X-axis scans.

Figure 72-A was taken with a 5-microsecond delay time; 72-B was with

a 45-microsecond delay time. For these and all X-axis scans, the

CMX-4 fluorescence excitation laser encounters the plume first on the

left side of the data plots of Figure 72. For Figure 72-A the beam

first encounters the plume four millimeters out from the center.

Since this expanse was reached in five microseconds, the plume expan-

sion rate averages 8 x 104 cm/s. However, in Figure 72-B after 45

microseconds, the plume is encountered at approximately 5.5 millimeters

from the center. The average expansion rate from five to 45 micro-

seconds is only 4 x 103 cm/s. One possible explanation for this re-

sulting decrease concerns the atmosphere. Very early during the

plume lifetime, probably during the laser pulse and shortly thereafter,

the plume materials are very energetic. They are so energetic that
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Figure 72. X-axis scans of lithium in the presence of cesium.
Figure 72-A is with a 5-microsecond delay time,
Figure 72-B is with a 45-microsecond delay time.

Conditions: 104 mg/L lithium, 25 g/L cesium, 17 torr argon,
Hosch chamber, X=scan, Y=0, Z=1 mm, delay time A=5 micro-
seconds, B=45 microseconds, 6707.84 A fluorescence line, 300
micron slits, PMT -850 volts, Tri-X film.
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they shove the atmosphere out from the plume. The number density of

particles in the interface region between the atmosphere and plume

increases as the expansion increases. A point is finally reached at

which the rate of loss of kinetic energy by the plume causes a rapid

loss in its outward velocity. While this slowdown of the plume is

happening, the atmosphere is migrating back into the plume. This

explanation seems to be consistent with the data and could probably

be confirmed by doing this same series of experiments in varying at-

mospheric pressures. If this model were true then increased atmos-

pheric pressures would produce more collisions and a greater rate of

loss of kinetic energy.

Another interesting aspect shown in Figure 72 is the decreased

fluorescence difference signal in the center of the plume. As was

already stated, the CMX-4 fluorescence laser beam travels from left

to right in the two plots. The rapidly rising fluorescence intensity

indicates that the plume is sharply defined. As the fluorescence

laser beam travels into the plume the fluorescence decreases to a mini-

mum. As the beam goes through the center of the plume and out the

other side, the fluorescence rises up again and then drops off as the

beam exits the plume. The question is why does the fluorescence in-

tensity look like this? This effect might be due to any one or all of

at least four different reasons: quenching; ionization; pre- or post-

filter effects; and, finally, a nonhomogeneous lithium atom

concentration.

Quenching is the deactivation of an excited species by some other

species without the emission of a photon. This second, deactivating

species must possess energy levels similar to the excited species for

efficient energy transfer. The atmosphere in this case is argon which

would not be expected to quench to any appreciable extent, because of

the lack of acceptable energy levels. Also it would seem reasonable

to expect that atmospheric quenching would occur to a greater extent
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at the atmosphere-plume interface rather than in the plume center.

Another possibility is that the center of the plume is at a high

enough temperature so that significant numbers of lithium atoms are

ionized. It has already been shown from the lithium ionization study

that there is significant ionization occurring in the plume. This

previous ionization study was conducted with a delay time of five

microseconds in the center of the plume under the same conditions as

these X-axis scans. This ionization study showed that the fluores-

cence difference signal almost doubled in the presence of the cesium

over that in lithium alone. Since the cesium is present in such a

large excess compared to the lithium (250 to 1) most of the lithium

ions in the plume have probably been reduced. For this reason, it

seems unlikely that the large observed dip in the plume center is due

entirely to lithium ionization.

Pre- and post-filter absorption effects may also be responsible

for the data observed in Figures 72-A and 72-B. As the CMX-4 flu-

orescence excitation laser encounters the plume, the signal rises to

a maximum, then it falls to a minimum as the center is reached. This

observation could be explained by either the pre- or post-filter

effects. If the lithium atom concentration were extremely high, then

most of the CMX -4 beam photons might be absorbed by the time they

reached the center of the plume. This would be a large pre-filter

absorption effect, but could not explain the increase in the signal

on the opposite side of the plume.

Post-filter absorption could also explain the observations up to

the half-way point in the scan. The path length that a photon must

traverse through the plume to reach the monochromator increases until

the center of the plume is reached. Therefore, if the lithium atom

concentration is large, most of these fluorescence photons could be

reabsorbed on their way out. This would result in a decrease in the

fluorescence intensity in the center of the plume. However, going back

to the data, the fluorescence difference signal rises back up on the
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other side of the plume. This would net occur if there was a very

large pre-filter absorption cf the laser beam in the half of the

plume encountered first by the beam because there would not be

enough beam photons left for any significant fluorescence. If there

were no significant pre-filter absorption, then it would be expected

that the fluorescence difference signal would be as large on the far

side as it was on the near side. It is not. This means that there

is indeed some pre-filter absorption occurring, but that it is not so

great as to yield the large dip in the center of the plume. Post-

filter absorption cannot yet be eliminated because it might be capa-

ble of causing the shapes shown in Figure 72 if the absorption of the

fluorescence photons was very great in the plume center.

To find out if the dip in the fluorescence difference signal in

the center of the plume in the X-axis scan is due to the post-filter

effect, a Y-axis scan was made. Figure 73 shows this scan. Post-

filter absorption of the background scatter causes the fluorescence

difference signal to become negative. This effect will be discussed

in more detail shortly. These data are taken with X = 0 mm. Since

the sign convention is reversed for the Y-axis scans, the CMX-4 flu-

orescence excitation beam enters the plot from right to left. If the

post-filter absorption of the fluorescence photons is so great that

it would cause the large dip in the X-scan, then the fluorescence

difference signal for this profile would be expected to rise rapidly

on the monochromator side, then gradually drop off to zero and never

come back up. This would occur because the fluorescence photons

produced on the side of the plume farthest from the monochromator

would be reabsorbed before they could exit the plume. As can be seen

from Figure 73, this predicted behavior of the profile is not observed

experimentally. Because the fluorescence difference signal rises

back up after the center of the plume on the far side from the mono

chromator, pre- and post-filter effects are not responsible for the
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Figure 73. Y-axis scan of lithium in the presence of cesium.

Conditions: 104 mg/L lithium, 25 g/L cesium, 50 torr argon,
new chamber, X=0, Y=scan, Z=1 mm, delay time=70 microseconds,
6707.84 A fluorescence line, 50 micron slits, PMT -900 volts,
Tri-X film.
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low signals in the center.

The last and most likely explanation for the dip in the flu-

orescence difference signal in the center of the plume is a lower

lithium atom concentration there. One reason for this may be that

the lithium atoms are reacting with matrix species. The matrix for

all of the lithium studies is the emulsion layer of film. The emul-

sion layer of film is made up almost entirely of gelatin. Gelatin

is made up exclusively of protein. This would release large amounts

of oxygen, carbon, hydrogen, nitrogen and sulfur into the plume.

Lithium reacts exothermally with some of these: Li20 AH = -142

Kcal/mole; Li3N_ AH = -47 Kcal/mole; Li0H, AH = -116 Kcal/mole.

Since the temperature in the plume is probably greatest in the center,

the greatest reaction rates should be in the center of the plume also.

It seems reasonable, then, that the lithium reacting with matrix

species could produce a concentration gradient across the plume.

This gradient is probably one of lower concentration in the plume

center, increasing to some higher level on the plume edges.

To test this concentration gradient assumption, two theoretical

models of the plume were designed. One assumed a homogeneous con-

centration of analyte atoms throughout the plume. The other assumed

a nonhomogeneous concentration. This second model was designed with

no analyte species in the exact center, with the concentration in-

creasing in a linear fashion radially from the center, to a maximum

at the plume edges. The theoretically predicted fluorescence was then

calculated for a Y-axis scan.

A seer's law type of equation was used for these calculations.

The rate of loss dP in the number of photons P as a photon beam passes

through a short region dx of the plume, is proportional to the number

of absorbers encountered, N

dP = -kNP
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where k is a proportionality constant. The number of absorbers per

cm for a 1 - cm2 beam is given by

N = c(x) dx

where c(x) is the concentration of absorbers at x. Rearranging and

integrating gives

dP
I --p- = -k fc(x) dx

where the limits of integration correspond to the values of P and x

at the initial and final points of interest along the photon beam.

In the case of the homogeneous plume model this results in the normal

Beer's law expression for the fraction of photons transmitted

where,

P
F -kcx
= lu

P
o

k is the molar absorptivity

c is the molar concentration

x is the path length in cm

P
F

is the final number of photons transmitted

P
o

is the initial number of photons.

For the nonhomogeneous plume model this expression is altered con-

siderably. Since the analyte concentration profile of a horizontal

plane of the plume in this case varies linearly from zero in the center,

to a maximum at the plume edge, its three-dimensional representation

(concentration plotted on the z-axis) would be a cone. As the beam

enters into the plume it would encounter different concentration zones.
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It would be like slicing off portions of the cone parallel to the

cone axis. The concentration profile of this cone slice would be

that of a hyperbola. The equation for a hyperbola is

2 x2

TD-2-
1

In this case y is the concentration c(x), so that

c2 (x) - x 2

d 12

The parameter a is the concentration value at the bottom of the hyper-

bola,

where,

a =

C Y

R

C = maximum analyte concentration in plume
m
Y = distance from the center of the plume to the observa-

tion point

R = plume radius (radius of the base of the cone).

The term C
mY/R is the linear concentration profile from the center to

the edge of the plume. The parameter b is obtained from the hyperbola

eccentricity, e which is equal to

_
e =

Cosa
and e = (a2+b2)1/2

CostS

where a is the angle that the plane of the hyperbola makes with the

cone axis, which in this case is equal to zero. The angle f3, is the

angle that the cone sides make with the cone axis, which in this plume
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Coss =

C

(C-+R2)1/2
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Combining the equations for a, e, and Cos(3, and solving for b gives

b = Y

By substituting these values for a and b back into the main equation

of a hyperbola and rearranging, the following equation is obtained

InC (X) = (X
2 +Y 2

)
'2

By substituting back into the integral equation for dP/P and integra-

ting, the following is obtained for the fraction transmitted

X=0

-kCm
T =

10 -217 (X(X2+Y2 )1/2+Y2log(X+(X2+Y2)1/2))

X=(R2-Y2)1/2

where the limits of integration have been chosen for a Y-axis scan.

For the Y-axis scan this is the expression used to calculate the frac-

tion of laser beam photons that reach the observation region in the

plume.

To calculate the number of photons that actually leave the plume

as fluorescence, another set of equations is required. For the homo-

geneous plume model, the exact same equation that was used for the en-

tering beam is used for the exiting fluorescence. For the nonhomogen-

eous plume model, a different equation is required. Since the exiting

photons leave the plume along a line passing through the center of the
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plume, the concentration profile is linear. The integrated form for

this calculation is

-kC.IrtY2
T
F

= 10
2R

where T
F

is the fraction of fluoresced photons transmitted. The pro-

gram which does these calculations and plots them is shown in Appen-

dix VIII.

Figure 74 shows two computer generated plots of the relative

theoretical fluorescence signals for the same two concentration pro-

files. Figure 74-A is for the homogeneous model, 74-B is for the non-

homogeneous model. Figure 74 is for an X-axis scan. Because of sym-

metry considerations for the model, the shapes of the X-axis and Y-axis

scans for the model are mirror images of each other. These data sup-

port the previous assumption that there is a concentration gradient of

analyte atoms in the plume. The nonhomogeneous model in 74-B matches

the general shape of the observed X-axis data of Figure 72. The dif-

ferences might be due partly to the fact that the model assumes that

the fluorescence excitation laser is infinitely small or narrow, which

it is not. Even with the differences, the idea that the plume has a

low analyte species concentration in the center and increasing con-

centration toward the edges is supported. Figures 75 (homogeneous

concentration) and 76 (nonhomogeneous concentration) show what happens

with both models as the analyte species concentration is increased.

Both of these figures show how rapidly the fluorescence signal and

also the apparent size of the plume would drop off at large analyte

levels.

Figures 77 (homogeneous concentration) and 78 (nonhomogeneous con-

centration) show the predicted X-axis fluorescence scans for lower

concentrations for both models. Both figures show how the effects of
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Figure 74. Theoretical X-axis scans of the microprobe plume
for a homogeneous model (A) and a nonhomogeneous
model (B).

Conditions: Plume radius=100, molar absorptivity=0.0001,
initial laser beam intensity=1000, maximum analyte concen-
tration=50.
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Figure 75. X-axis scans of homogeneous plume model. The (A)
data concentration is 100, (B) data is 1000.

Conditions: Plume radius=100, molar absorptivity=0.0001,
initial laser beam intensity=1000, maximum analyte concentra-
tion=100 (A), 1000 (B).
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Figure 76. X-axis scans of nonhomogeneous plume model. The
(A) data concentration is 100, (B) data is 1000.

Conditions: Plume radius=100, molar absorptivity=0.0001,
initial laser beam intensity=1000, maximum analyte concentra-
tion=100 (A), 1000 (B).
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Figure 77. X-axis scans of homogeneous plume model. The (A)
data concentration is 0.1, (B) data is 1.

Conditions: Plume radius: =100, molar absorptivity=0.0001,
initial laser beam intensity=1000, maximum analyte concentra-
tion=0.1 (A), 1 (B).
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Figure 78. X-axis scans of nonhomogeneous plume model. The
(A) data concentration is 0.1, (B) data is 1.

Conditions: Plume radius = 100, molar absorptivity=0.0001,
initial laser intensity=1000, maximum analyte concentration=0.1
(A), 1 (B).
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pre- and post-filter absorption decrease at the lower concentration

levels. When the effects of ore- and post-filter absorption were

first suspected in the microprobe data, two lower lithium concentra-

tions were tried. It was felt that by going to these lower concen-

trations, the fluorescence difference signals would become more

like those shown in Figure 77. Figures 79 through 81 show these

lower concentration data. They do not match the models shown in

Figure 77, but do more closely match the nonhomogeneous model data.

These lower lithium concentration X-axis scans also support the

theory that there is a lower lithium atom concentration in the center

of the plume (the zero offset of the signal is discussed below)..

Figures 82 through 84 are of X-axis scans, but these were taken

three millimeters above the sample surface at 5, 45 and 125 micro-

second delay times. The interesting thing about all of these data

is that no hole appears in the center of the plume. These plots

look more like the type of plot predicted for a homogeneous analyte

concentration throughout the plume.

These data combined with the previous axis scan data allow some

general conclusions about the shape and lithium atom profile in the

plume to be made. The width of the plume varies from 10 to 15 milli-

meters and a definite concentration profile exists. Up to a height

of about 2 millimeters above the sample surface, the lithium atom

concentration is quite low in the center of the plume. The concen-

tration then appears to increase as the distance from the center in

a horizontal direction increases. This low concentration in the

center is due most likely to a reaction of the matrix with the

lithium. At 3 and 5 millimeters above the sample surface, the width

of the plume is somewhat smaller, up to 10 millimeters, and the

lithium atom concentration is more homogeneous.

It was noted previously that in some of the data that the flu-

orescence difference signal went below zero. The reason this can



0

- 0 4. 2 4 6 6
DISTANCE FROM CENTER OF PLUME ,mm

166

Figure 79. Y-axis scan of 5 mg/L lithium.

Conditions: 5 mg/L lithium, 1.2 g/L cesium, 50 torr argon, new
chamber, X=0, Y=scan, Z=1.7 mm, delay time=70 microseconds,
6707.84 A fluorescence line, 50 micron slits, PMT -900 volts,
Tri-X film.



167

-
zN
c.)0

cc
O

0

11111111111
0 6 4 2- 0 + 2 4 6 8 10 12

DISTANCE FROM CENTER OF PLUME , mm

Figure 80. Y-axis scan of 5 mg/L lithium.

Conditions: 5 mg/L lithium, 1.2 g/L cesium, 50 torr argon, new
chamber, X=0, Y=scan, Z=2.7 mm, delay time=70 microseconds,
6707.84 A fluorescence line, 50 micron slits, PMT -900 volts,
Tri-X film.
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Figure 81. Y-axis scan of 0.5 mg/L lithium.

Conditions: 0.5 mg/L lithium, 120 mg/L cesium, 50 torr argon,
new chamber, X=0, Y=scan, Z=1 mm, delay time=70 microseconds,
6707.84 A fluorescence line, 50 micron slits, PMT -900 volts,
Tri-X film.
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Figure 82. X-axis scan of lithium 3-millimeters above sample
surface with a 5-microsecond delay time.

Conditions: 104 mg/L lithium, 25 g/L cesium, 17 torr argon,
Hosch chamber, X=scan, Y=0, Z=3 mm, delay time=5 micro-
seconds, 6707.84 A fluorescence line, 300 micron slits, PMT
-850 volts, Tri-X film.
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Figure 83. X-axis scan of lithium 3-millimeters above sample
surface with a 45-microsecond delay time.

Conditions: 104 mg/L lithium, 25 g/L cesium, 17 torr argon,
Hosch chamber, X=scan, Y=0, Z=3 mm, delay time=45 micro-
seconds, 6707.84 A fluorescence line, 300 micron slits, PMT
-850 volts, Tri-X film.
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Figure 84. X-axis scan of lithium 3-millimeters above sample
surface with a 125-microsecond delay time.

Conditions: 104 mg/L lithium, 25 g/L cesium, 17 torr argon,
Hosch chamber, X -'scan, Y=0, Z=3 mm, delay time=125 micro-
seconds, 6707.84 A fluorescence line, 300 micron slits, PMT
-850 volts, Tri-X film.
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happen has to do with the way these data are calculated. The func-

tions plotted on the Y-axis are the differences between an on-

wavelength fluorescence laser photomultiplier signal and an

off-wavelength fluorescence laser photomultiplier signal. The off-

wavelength fluorescence laser photomultiplier signal is the back-

ground term. It represents the photomultiplier signal produced from

scatter of the laser beam off of plume species. This scatter sign-

nal of the off-wavelength laser beam is assumed, by a calculation

such as the type used, to be the same as the scatter signal from

the on-wavelength fluorescence laser beam. The problem is that in

a situation where pre- and post-filter absorption effects are signi-

ficant, the on-wavelength fluorescence laser scattered photons can

be absorbed by lithium atoms on their way to the monochromator,

whereas the off-wavelength scattered photons are not absorbed.

Therefore, the on-wavelength scatter signal is less than it is pre-

dicted to be by the off-wavelength scatter signal. In areas where

the lithium fluorescence signals are low to begin with, such as

in the plume center, this effect can actually bring the fluores-

cence difference signal down below zero.

Figures 85 and 86 are three-dimensional plots summarizing the

X-axis scans. The vertical axis is the lithium fluorescence dif-

ference signal. Figure 85 shows the two X-axis scans taken with a

5 microsecond delay time. Figure 86 shows the two X-axis scans

taken with a 45 microsecond delay time.

Z-axis scans. The final axis to be studied is the Z-axis,

which is the vertical axis above the sample. These vertical scans

give valuable information about the plume-atmosphere mixing, when

they are conducted in argon and oxygen atmospheres. Figure 87 shows

the fluorescence difference intensity as a function of the height

of the center of the fluorescence excitation laser beam above the

sample surface. These scans were taken in 50 torr argon and oxygen



Figure 85. Three-dimensional data plot showing the width of the lithium
fluorescence difference signal in the plume as a function
of the height above the sample surface with a 5-microsecond
delay time.



Figure 86. Three-dimensional data plot showing the width of the lithium
fluorescence difference signal in the plume as a functionof the height above the sample surface with a 45-microseconddelay time.
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Figure 87. Z-axis scans of lithium in the plume. (A) data
was taken in argon, (B) was in oxygen atmosphere.

Conditions: 104 mg/L lithium, 25 g/L cesium, (A) 50 torr
argon, (B) 50 torr oxygen, new chamber, X=0,
Y=6 mm, Z=scan, delay time=70 microseconds,
6707.84 A fluorescence line, 50 micron slits,
PMT -900 volts, Tri-X film.
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atmospheres 6 millimeters from the center of the plume in the Y-axis

direction. These data were taken 6 millimeters out from the center

to reduce the effects of pre- and post-filter absorption, and be-

cause it was the region of maximum fluorescence difference signal as

shown in the Y-axis scans. As the observation height increases, the

fluorescence levels taper off as the upper extent of the plume is

reached. Also, as expected, the fluorescence difference signals in

oxygen are considerably lower than in argon due to the formation of

lithium oxide which does not fluoresce at the 6707.84-AngstrOm wave-

length. The differences between the argon and oxygen Z-axis scans are

illustrated more clearly in Figure 88 which is a ratio of the fluores-

cence difference signal in oxygen to that in argon as a function of the

Z-axis position. The signal levels in the oxygen only reach to 30% of

those in argon, at this 70 microsecond delay time, indicating sig-

nificant atmosphere mixing at all heights. This data also shows that

the greatest amount of atmospheric mixing is taking place in the

upper and lower regions leaving the 5 millimeter area the least dis-

turbed. This can be explained in the following manner. Initially

in the life of the plume, the plume possesses a large amount of

kinetic energy. As it expands out rapidly, it pushes the atmosphere

out with it. At some point in the plume's outward expansion, its

pressure equals the pressure of the atmosphere pushing back on it.

After that time the atmosphere begins to move back into the plume

region. The greatest influence then should occur along the outer

perimeter of the plume. In this way then, the center zone of the

plume is the last region to be totally infiltrated by the atmosphere.

Figure 89 shows a similar fluorescence difference ratio plot,

but in this case the delay time was 5 microseconds and the Z-axis

scanned in the center of the plume. This figure shows even more

dramatically that the center of the plume is least affected at a

given time delay than the outer regions. At this short, 5 micro-

second delay time the signal at one millimeter up is 75% of the
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Figure 89. Ratio of the fluorescence difference signal
in oxygen to that in argon as a function of
the Z-axis position.

Conditions: 104 mg/L lithium, 25 g/L cesium, 30 torr argon,
Hosch chamber, X=0, Y=0, Z=scan, delay time=5
microseconds, 6707.84 A fluorescence line, 300
micron slits, PMT-720 volts, Tri-X film.
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signal in argon, while the signal reaches zero, 5 millimeters up.

Figure 90 is a Z-axis scan taken in an atmosphere of neon, at

the same pressure. Since neon is a lighter gas than argon, the plume

would be expected to expand out to a greater distance, at a given de-

lay time. The plume should be able to push the neon out of the way

more easily then the heavier argon atoms. Figure 91 proves this to

be true. It is the ratio of the fluorescence difference signal in

neon to that in argon as a function of the height above the sample

surface. The fluorescence levels in neon are less than those in

argon out to a height of 8 or 9 millimeters. Above this height the

levels in neon are greater than those in argon. Only one point above

a ratio of one is shown on the data in Figure 91. Actually there

are two more, but they could not be graphed because the fluorescence

difference levels for those two points in argon had already gone

to zero, making the ratio infinite.

Delay Scans

Pressure studies. Delay scans of lithium were done in argon

atmospheres of different pressures. This was done to determine the

effect of the atmosphere on the lifetime of the lithium fluores-

cence signal in the plume. The delay time between the firing of

the microprobe laser and the CMX-4 fluorescence excitation laser

could be varied over a range from 5 to 700 microseconds. These

studies were made with argon pressures in the chamber of 0, 5, 17,

30, 100, 200, 450 and 760 torr.

Figures 92 through 96 are delay scans for 5, 17, 30, 100, and

200 torr argon atmospheres. There are no plots for the 0, 450 and

760 torr pressures, because there was no fluorescence signal ob-

served for these. At 0 torr argon pressure, the plume probably ex-

pands out of the observation region too rapidly to be seen by our

system. The atmosphere, which is absent in this case, tends to hold

the plume in and give it shape. This conclusion is supported by
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Figure 90. Z-axis scan of lithium fluorescence difference
signal in a neon atmosphere.

Conditions: 104 mg/L lithium, 25 g/L cesium, 50 torr neon,
new chamber, X=0, Y=6 mm, Z=scan, delay time=
70 microseconds, 6707.84 A fluorescence lire,
50 micron slits, PMT-900 volts, Tri-X film.
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some recent work done by Measures and Kwong (39). Their experimen-

tal system was basically the same. They found at an atmospheric

pressure of 103 to 10-4 torr that the fluorescence signal of chro-

mium was totally gone after 8 microseconds, with a maximum fluores-

cence signal at 3 microseconds. The shortest time delay that is

available in our system is 5 microseconds.

As soon as an atmosphere is introduced into the chamber the

plume takes on shape and has a much longer lifetime. Figures 92

through 96 illustrate this. As the atmospheric pressure increases,

the plume is more confined due to the higher collision rate, and

in fact at the 450 and 760 torr levels, there is no fluorescence

signal at all. The probable reason that no lithium fluorescence was

observed at the higher argon pressures is that the plume is very

confined due to the atmosphere. The plume species undergo a great

many collisions because of this confinement, that probably result

in a very short lifetime plume.

In 5 torr argon, the plume is very long-lived, 550 micro-

seconds, This long lifetime of the fluorescence difference signal

is due to the low degree of sample and atmosphere interaction. The

plume lifetime in the intermediate atmospheric pressures, 17 through

200 torr averages around 300 microseconds,

Every one of the plots in Figures 92 through 96 clearly shows

or suggests the appearance of a peak or shoulder in the 140 micro-

second delay region. Several ideas as to the reason for this shoul-

der have been proposed.

One of the initial theories about the presence of the shoulder

was that a high-velocity group of lithium atoms arose from the sample

surface, traveled to the top of the chamber, bounced off and came

back into the path of the fluorescence excitation laser. This seemed

to be a reasonable possibility since the shoulder always appeared at

the same time, or at least it seemed to. To compare the effect of

Cesium on the plume lifetime, two delay scans--one with cesium, the
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Figure 92.

Conditions
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Delay scan of lithium fluorescence at 5 torr
argon pressure.

: 104 mg/L lithium, 25 g/L cesium, 5 torr argon,
Hosch chamber, X=0, Y=0, Z=1 mm, delay time=
scan, 6707.84 A fluorescence line, 500 micron
slits, PMT-720 volts, Tri-X film.
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Figure 93.

Conditions:

Delay scan of lithium fluorescence at 17 torr
argon pressure.

104 mg/L lithium, 25 g/L cesium, 17 torr argon,
Hosch chamber, X=0, Y=0, Z=1 mm, delay time=
scan, 6707.84 X fluorescence line, 300 micron
slits, PMT-850 volts, Tri-X film.
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Figure 94.

Conditions:

Delay scan of lithium fluorescence at 30 torr
argon pressure.

104 mg/L lithium, 25 g/L cesium, 30 torr argon,
Hosch chamber, X=0, Y=0, Z=1 mm, delay time=
scan, 67-7.84 A fluorescence line, 500 micron
slits, PMT-720 volts, Tri-X film.
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Figure 95.

Conditions:

Delay scan of lithium fluorescence at 100 torr
argon pressure.

104 mg/L lithium, 25 g/L cesium, 100 torr argon,
Hosch chamber, X=0, Y=0, Z=1 mm, delay time=
scan, 6707.84 A fluorescence line, 500 micron
slits, PMT-720 volts, Tri-X film.



3.0

(.92.4

z
wir 1.8

O

0z
1-4
"

WI0
cn

cc0

U-0.6
La

17-

0.0

187

Figure 96.

Conditions:
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Delay scan of lithium fluorescence at 200 torr
argon pressure.

104 mg/L lithium, 25 g/L cesium, 200 torr argon,
Hosch chamber, X=0, Y=0, Z=1 mm, delay time=
scan, 6707.84 A fluorescence line, 500 micron
slits, PMT-720 volts, Tri-X film.
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other without--were run. Figure 97 shows these two delay scans.

The interesting point shown by these two sets of data is that the

time of the appearance of the shoulder occurs at approximately

150 microseconds in the presence of cesium and at approximately

75 microseconds in lithium alone. Since the conditions for these

two scans were identical except for the cesium, the bounce idea is

unacceptable.

Another idea that was proposed for this shoulder was that it

was due to the recombination of lithium ions that were formed ini-

tially in the high temperature plume. A similar idea had been pro-

posed for a shoulder that appeared in the atomic absorption studies

of copper in a microprobe plume (32), However, Figure 97, and the

earlier ionization study, Table XIV, show that the fluorescence

signal in the presence of cesium is very much greater than that in

lithium alone even at the very short 5 microsecond delay time. This

suggests then that most of the ions that are present in the plume

get reduced back to the neutral atom very quickly, much faster than

75 to 140 microseconds where the shoulder is observed.

Ishizuka, Uwamino, and Sunahara also observed the appearance of

a shoulder in their atomic absorption studies of the plume (65).

They felt that it was present because of changes in the sample matrix.

For example, if there are three species present in the plume, each

will probably have its own decay rate. In other words the lifetimes

of the individual atoms of each of the species will probably be dif-

ferent. This means that the concentration ratios between the three

is always changing. The above authors felt that these changing

ratios at some point in time caused the shoulder. This could happen

if the rate of loss of the species of observation was decreased be-

cause of a change in some other species. This alteration in the

analyte's loss rate would give the appearance of an increase in

signal.



Figure 97. Comparison of plume lifetime in the presence of cesium -
(A), and without cesium - (B).

104 mg/L lithium, 25 g/L cesium - (A), Og/L cesium - (B),
17 torr argon, Bosch chamber, X=0, Y=0, Z=1 mm, delay time=
scan, 6707.84 A fluorescence line, 300 micron slits, PMT
-850 volts, Tri-X film.

Conditions
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The shoulder may also be due to some type of secondary sample

evolution. Most of the sample is ejected during and very shortly

after the laser pulse. However, the processes which go on in the

plume are very turbulent and it might be that there is a secondary

boiling off of sample at a later time, giving rise to the shoulder.

Figure 98 is a three-dimensional data plot summarizing the life-

time of the lithium fluorescence difference signal in the plume as a

function of the argon pressure in the atmosphere of the sample. The

vertical axis is the fluorescence difference signal.

Signal to background. The delay plots show the importance of

the delay time if the maximum fluorescence signal is desired. The

time window for maximum signal is quite narrow. Figure 99 shows a

delay scan of lithium without cesium. The fluorescence difference

signal with the Chromatix CMX-4 laser tuned to the 6707.84-Angstrom

line is plotted along with the background signal, which is the scatter

signal from the plume with the CMX-4 laser tuned off-wavelength.

Figure 100(A) is the ratio of these two signals (fluorescence to back-

ground). It illustrates how narrow the peak of maximum signal-to-

background ratio is. In this case 15 microseconds give a signal-

to-background ratio of 10, while 5 microseconds on either side

of this will cause a 20% reduction in the ratio. Figure 100(b)

is a signal-to-noise ratio plot of the data shown in Figure 99.

These data, although somewhat scattered, do show that a higher

signal-to-noise ratio would be expected at delay times less than

200 microseconds. The importance of delay time in the analytical

use of the laser microprobe has been reported by others (8,39,

40,42).

Delay scans at different Z-axis positions. The same time of

delay information was obtained for 17 torr argon as a function of

the distance of the fluorescence laser above the sample surface.



Figure 98. Three-dimensional data plot showing the lifetime of the lithium
fluorescence difference signal as a function of the argon
pressure in the chamber.
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Figure 99. Delay scan of lithium in 30 torr argon showing
the lithium fluorescence curve (A), and the back-
ground curve (B).

Conditions: 104 mg/L lithium, 30 torr argon, Bosch chamber,
X=0, Y=0, Z=1 mm, delay time=scan, 6707.84 f,
fluorescence line, 500 micron slits, PMT-720
volts, Tri-X film.
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The center of the 2-millimeter fluorescence excitation laser beam

was set at 1, 3, and 5 millimeters above the sample, and the plume

lifetime determined. Figure 101 shows these data. The time at

which the maximum fluorescence difference signal appears, increases

as the observation height increases. This is a predictable result

since at the higher observation heights, it takes some amount of

time for the plume to rise to that level. By using the time at

which the maximum fluorescence difference signal occurs, the speed

of rise of the plume is estimated to be approximately 4x103 cm/s.

Some of the material travels at least 105 cm/s since there is some

signal at 5 microseconds delay time and 5 millimeters height. Other

investigators have reported velocities for plumes that range from

104 to 106 cm/s (18). The higher value (106 cm/s) was for lasers

of much higher power than the microprobe laser used in this work.

Figure 102 is a three-dimensional data plot summarizing the life-

time of the lithium fluorescence difference signal at different

Z-axis positions. The vertical axis is the fluorescence difference

signal.

Lithium Summary

The total number of lithium atoms in the plume was determined

to be 7x1013 atoms, from the film soaked in 104 mg/L lithium solu-

tion. Since the fluorescence from 1/2000 of the plume, from film

soaked in 0.5 mg/L lithium solution is detectable, the system is

able to detect 108 atoms of lithium.

The most significant source of noise in the fluorescence sig-

nals was determined to be flicker noise produced when differing

numbers and sizes of particles enter the viewed element. The rela-

tive noise level is typically 15 to 20%.

It was determined in the ionization studies that there is a
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Figure 101. Plume lifetime measurements at one millimeter (A), 3 milli-
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Conditions: 104mg/L lithium, 25 g/L cesium, 17 torr
chamber, X=0, Y=0, Z=1,3,5 millimeters,
6707.84 A fluorescence line, 300 micron
volts, Tri-X film.
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Figure 102. Three-dimensional data plot showing the lifetime of the lithium v)m

fluorescence difference signal as a function of the height
above the sample surface.
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significant amount of ionization of the lithium taking place in the

plume. A very large excess (250 to 1) of cesium was added to the

samples and this reduced the number of lithium ions and, thereby,

significantly increased the fluorescence signal of the lithium atom.

Plume lifetime measurements made under various argon pressures

show the fluorescence intensity is dependent upon the delay time.

At pressures below 0.1 torr the plume lifetime is very short--less

than 5 microseconds. At pressures above 0.1 torr the plume lifetime

in general decreases with increasing pressure. A shoulder was ob-

served in the delay scan data.. Several ideas as to the reason for

this shoulder were proposed, but more work needs to be done to clari-

fy the cause.

The effects of pre- and post-filter absorption in the plume

were studied and found to be a significant factor in the observed

fluorescence signal in certain areas of the plume. Two theoretical

models were devised and used to calculate the fluorescence signals

for X- and Y-axis scans of a simulated plume. The model that

matched the general pattern of the fluorescence signals observed

in the real plume assumes an analyte species concentration that is

a maximum at the plume edges decreasing linearly to zero in the

center of the plume. This analyte concentration gradient could

be due to the reaction of the analyte (lithium) with some of the

species present in the emulsion layer of the film, which is the

sample matrix.

Z-axis scans of the plume were made in argon and oxygen atmos-

pheres to determine some of the ways in which the plume and atmos-

phere interact. These studies indicate that the atmosphere mixes

with the plume from the outside of the plume inward on a time scale

of tens of microseconds. A Z-axis fluorescence scan was made in

neon gas, which is lighter than argon gas. As expected the plume

expanded outward faster in a neon than in an argon atmosphere

at the same pressure.
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Copper Study

The other element that was studied in this research was copper.

It was chosen for various reasons. Copper is readily available in

a large range of concentrations in easily machinable alloys. It is

also less reactive than lithium in the presence of oxygen and,

therefore, should yield some different types of information than

the lithium did. Lastly, its 3247.54-Xngstrom line is very strong

and should yield excellent fluorescence information,

The sample that was used for the copper study was Alcoa type

6061 aluminum alloy. It contains a nominal percentage of 0.25%

copper. This level was chosen because it gave large fluorescence

difference signals with insignificant pre- and post-filter absorp-

tion effects. Since the aluminum alloy is more reflective than

the emulsion layer of the film that was used for the lithium study,

more of the microprobe laser beam energy may be lost through reflec-

tion. The result of this might be less sample being vaporized per

shot. The amount of sample vaporized was determined by weighing

the copper sample before firing and weighing it again after several

hundred craters had been formed. The amount of sample vaporized

was determined to be approximately 3 micrograms ± one microgram per

shot as compared to 12 micrograms per shot for the film. This means

that approximately 7x1013 atoms of copper are ejected into the plume

per shot. This by coincidence is the same number of lithium atoms

that were ejected into the plume from the 104 mg/L lithium film.

Delay Scans

The fluorescence lifetime of copper in the plume would be expec-

ted to be longer than the lithium due to it being less reactive than

the lithium. For example copper exists in the free state in the earth's

crust.
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For example, copper exists in the free state in the earth's crust.

Figure 103 shows two delay scans for copper in the plume, one milli-

meter above the sample surface. Figure 103-A was taken in 20-torr

argon, 103 B was in 20-torr oxygen. The maximum delay time of this

microprobe system is 685 microseconds. From 103-A the plume life-

time is found to be considerably greater. It is estimated to be

850-900 microseconds by extrapolation of the curve. Figure 103-B

taken in oxygen shows a decrease in the plume lifetime of 50% over

that in argon. Both delay data show a small peak or shoulder in the

175-microsecond region.

Figure 104 is a ratio plot of the copper fluorescence differ-

ence signal in oxygen to that in argon from Figure 103. This data

should more clearly show the effect of the oxygen on the copper.

Figure 104 indicates that the oxygen starts to have an increased

effect on the copper after 250 microseconds. This data was taken

in the center of the plume one millimeter above the sample surface.

When the plume is first formed it possesses a large amount of kinetic

energy. Initially this high energy plume pushes the atmosphere out

as it expands, As the plume loses energy by colliding with the at-

mosphere, the atmosphere starts to infiltrate back into the central

plume region. It is only after the atmosphere has returned to the

center of the plume that significant atmosphere-plume interactions

can occur in the center. In Figure 104 it was 250 microseconds be-

fore significant loss of free copper was observed. It might be that

it took 250 microseconds for the oxygen atmosphere to return to the

center of the plume and react with the copper.

Another possible explanation for the data in Figure 104 in-

volves the copper's aluminum matrix. The aluminum reaction with

oxygen is much more exothermic than the copper reaction with oxy-

gen, and may even be kinetically faster. Since the sample matrix

is over 99% aluminum, the plume will contain a very high percentage

of aluminum. It is reasonable to expect that the aluminum by

reacting with the oxygen will bring about a reduced oxygen
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Figure 103. Delay scan of copper fluorescence difference
signal in the plume. (A) is in 20 torr argon;
(B) is in 20 torr oxygen.

Conditions: 0.25% copper, 20 torr argon (A), 20 torr oxygen
(B), new chamber, X=0, Y=0, Z=1 mm, delay time
=scan, 3247.54 X fluorescence line, 300 micron
slits, PMT-900 volts, 6061 aluminum alloy.
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concentration in the plume. This condition would last until the con-

centration of aluminum atoms in the plume was considerably reduced, at

which time the oxygen concentration in the plume would increase to a

level where significant interaction with the copper atoms could occur.

It is probably a combination of these two effects which give rise to

the shape of the curve in Figure 104.

X-axis Scans

Figures 105 and 106 are X-axis scans. In each figure the (A) data

are taken in 50-torr argon, and the (B) data in 50 -torn oxygen. Fig-

ure 105 was taken with a 55-microsecond delay time, and Figure 106 was

taken with a 106-microsecond delay time. When compared to the same

type of data from the lithium study, these copper fluorescence differ-

ence signals are relatively symmetrical. This is significant for two

reasons. One, it means that the effects of pre- and post-filter ab-

sorption are relatively insignificant. If they had been significant,

a nonsymmetrical fluorescence profile such as was noted with the lith-

ium would have been observed.

The other conclusion that can be drawn from the argon atmosphere

plots in Figures 105(A) and 106(A) is that the concentration of copper

atoms in the plume in argon is not the same as the concentration pro-

file of lithium in the plume. Since the major component of the copper

matrix is aluminum, there should be no copper-matrix reactions occur-

ring in the plume. This would mean that the copper atom concentration

throughout the plume would be governed more by the physical expansion

processes taking place in the plume than by chemical effects.

Z-axis Scans

Vertical Z-axis scans of the copper fluorescence difference sig-

nal are shown in Figures 107 and 108. In each figure the data taken

in argon (A) and oxygen (B) are shown. Figure 107 was taken with a

fixed 70-microsecond delay time; Figure 108 with a 140-microsecond
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Figure 105. X-axis scans of copper fluorescence difference
signals in 50 torr argon - (A), and 50 torr
oxygen - (B), at 55-microsecond delay time.

Conditions: 0.25% copper, 50 torr argon-(A), 50 torr oxygen-
(B), new chamber, X=scan, Y =O, Z=1 mm, delay
time=55 microseconds, 3247.54 A fluorescence
line, 300 micron slits, PMT-900 volts, 6061
aluminum.
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Figure 106. X-axis scans of copper fluorescence differ-
ence signals in 50 torr argon - (A), and 50
torr oxygen - (B), at 106-microsecond delay
time.

Conditions: 0.25% copper, 50 torr argon-(A), 50 torr oxy-
gen-(B), new chamber, X=scan, Y=0, Z=1 mm,
delay time-106 microseconds, 3247.54 X flu-
orescence line, 300 micron slits, PMT-900
volts, 6061 aluminum.
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Figure 107. Z-axis scans of copper fluorescence difference
signal in 50 torr argon-(A), and 50 torr oxy-
gen-(B), for a 70-microsecond delay time.

Conditions: 0.25% copper, 50 torr argon-(A), 50 torr oxy-
gen-(B), new chamber, X=0, Y=0, Z=scan, delay
time=70 microseconds, 3247.54 fluorescence
line, 300 micron slits, PMT-900 volts, 6061
aluminum.
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Figure 108. Z-axis scans of copper fluorescence difference
signal in 50 torr argon-(A), and 50 torr oxy-
gen-(B), for a 140 microsecond delay.

Conditions: 0.25% copper, 50 torr argon-(A), 50 torr oxy-
gen-(B), new chamber, X=0, Y=0, Z=scan, delay
time=140 microseconds, 3247.54 A fluorescence
line, 300 micron slits, PMT-900 volts, 6061
aluminum.
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delay time. All were taken with X and Y equal to zero, the plume

center. The fluorescence difference signals for all of these data

start off small at the surface and rise to a maximum 3 to 5 milli-

meters above the surface. This indicates that the plume has risen

somewhat above the sample surface at these delay times.

Figures 109 and 110 are ratio plots of the copper fluorescence

difference signal in oxygen to that in argon for both delay times.

These two plots were obtained from the data in Figures 107 and 108,

and are similar in shape to each other. The fluorescence difference

signal in oxygen for both data is relatively low up to a height of

about 6 millimeters, above which the fluorescence in oxygen steadily

rises until it is almost the same as the fluorescence in argon at 8

and 9 millimeters. A possible explanation for these results is the

increased temperature in the center of the plume near to the sample

surface. The average kinetic energy and, therefore, the temperature of

the plume species decreases higher above the sample surface. It appears

that the upper regions of the plume (above 6 millimeters in this case)

do not possess enough energy for rapid formation of copper oxide.

One of the ideas proposed about the plume during this research is

that for very short plume lifetimes (5-10 microseconds) there are very

few atmospheric species in the very center of the plume. This is

thought to occur because the high energy plume species push the atmos-

phere away as they boil off from the sample. The study of copper in

this particular aluminum sample would have been a good system upon

which to test this hypothesis, because it appears that the center of

the plume is the only location where significant copper oxide forma-

tion occurs. In Figures 109 and 110, which were at 70 and 140 micro-

seconds, respectively, significant loss of copper fluorescence is ob-

served in the plume center up to a height of 5 or 6 millimeters. Pre-

sumably, if the hypothesis is correct, the copper fluorescence signal

should be high in the center of the plume at short delay times. This

experiment was attempted, but a very large copper background emission

at very short delay times made this type of study too difficult.
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Figure 110. Ratio of copper fluorescence difference
signal in oxygen to that in argon at
140-microseconds delay time, from Figure
108.
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Copper Summary

The lifetime of the copper atoms in the plume in this sample

matrix is quite long, at least 650-900 microseconds. This is

probably due to two factors: the relative unreactivity of the

copper compared to the aluminum and the large excess of the alumi-

num. The aluminum being more reactive than copper would combine

with species such as oxygen before the copper would.

A shoulder in the 175-microsecond delay time region was ob-

served in the copper fluorescence delay data. It was determined

that 3 micrograms of the aluminum sample were ejected per shot of

the microprobe laser. This corresponds to 7x1013 atoms of copper

in the plume per shot.

X-axis scans of copper in the plume showed a lack of signifi-

cant pre- or post-filter absorption effects. These data also indi-

cate that the copper atom concentration profile throughout the

plume is controlled mostly by physical expansion processes taking

place in the plume.

Z-axis scans of the copper fluorescence difference signal in

the plume in argon and oxygen atmospheres gave information about

the copper-oxygen reaction forming copper oxide in the plume.

From these data the conclusion was drawn that significant reac-

tion between the copper and oxygen only occurs fairly close to

the sample surface, up to a height of about 6 millimeters. The

reason for this may be the increased temperature near to the

sample surface in the center of the plume, where the reaction rate

would be faster.
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CONCLUSION

Improvements were made to the existing laser microprobe system.

A new sample chamber was designed and constructed. It encompassed

many design improvements over the old Bosch chamber. The sample

size capability with the new chamber has been increased 275%. The

samples are now much easier to position and the automatic sample

feeding capability of the new chamber minimizes sample handling.

The vacuum feedthroughs used with the new chamber are corrosion re-

sistant and also have a very low leak rate, This makes the chamber

virtually leak free over a period of a few days. The microprobe

laser focusing lens is now easier and more reproducible to position,

leading to improved crater formation in the sample. The windows of

the new chamber are easy to remove and clean and they are also lo-

cated farther away from the sample which prevents them from getting

dirty as quickly as in the old chamber. Rotation of the sample is

now done with a stepping motor. This motor has many different

modes of operation which were not available in the old Hosch chamber

system. These modes are manual pulse, computer pulse, and manual

fast stepping, all in either clockwise or counterclockwise directions.

A new vacuum, gas mixing system was designed and constructed

for the microprobe system. It allows any combination of up to five

gases at one time to be mixed in the microprobe chamber, Most of

the vacuum system components are made of stainless steel for corro-

sion resistance, An oxygen scrubber can be placed in series with

the gas flow to the chamber if desired. A continuous low flow of

gas at a fixed pressure can be cycled through the chamber to flush

it out, The vacuum gauge for the system is corrosion resistant and

will give the correct pressure, independent of atmosphere composi-

tion. This new vacuum, gas mixing system relieves the experimenter

from many difficulties concerned with the atmosphere inside of the

microprobe chamber.
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Major modifications were completed in the microprobe laser

optics. The reflector mounts were redesigned to allow for much

easier tuning. A quartz support system was added to the reflector

mounts to dramatically increase the day-to-day stability of the

laser.

Studies were made on lithium and copper atoms in the plume of

the microprobe chamber. Both of these elements were studied by laser
atomic fluorescence. Laser atomic fluorescence was chosen because

of the very high degree of spatial resolution that it offers. With

this system, the fraction of the plume that was observed at any one

time averaged 0,0005. The reason for the high degree of spatial

resolution was that information about the plume dynamics, atomic

concentration profiles, and atmospheric interactions was desired.

This type of information gives a better understanding of the micro-

probe plume.

The lithium studies were made with the lithium in a matrix of

black and white Kodak Tri-X film. It was determined that 12 micro-

grams of the film matrix were ejected per shot. The number of

lithium atoms ejected per shot from the film soaked in 104 mg/L

lithium solution was determined to be 7x1013. As few as 108 atoms

of lithium were detected with the microprobe system. For the copper

studies in the aluminum matrix, 3 micrograms of material are ejected

per shot. This gives 7x1013 atoms of copper in the plume per shot.

The noise level for the fluorescence difference signals for

both lithium and copper ranged from 10 to 20%. The most likely

cause for this level of noise is the variability in the numbers and

sizes of particles which enter the observation region from shot to

shot,

An ionization study of lithium in the plume showed that sig-

nificant ionization was taking place. Cesium was added to the sam-

ples as an ionization suppressant. This considerably reduced the

amount of ionization and gave greater lithium fluorescence signals
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at all measurable times in the lifetime of the plume without increas-

ing the background.

One of the problems that an analyst must be concerned with in a

fluorescence study is the effect of pre- and post-filter absorption.

It was determined that pre- and post-filter absorption were present

to a significant degree in some areas of the plume for the lithium

fluorescence. These same absorption effects were found to be negli-

gible for the copper sample. A computer modeling function for the

microprobe plume was developed. This model helped in drawing conclu-

sions concerning the significance of pre- and post-filter absorption

for the lithium and copper systems. It also helped to reach the con-

clusion that the lithium atom concentration in the plume is not homo-

geneous. The lithium atoms seem to be at a low level in the center

of the plume, increasing to some higher level toward the plume edges.

A reason proposed for the heterogeneous lithium atom concentra-

tion profile in the plume involves the film matrix. The emulsion

layer of the film is made mostly of gelatin. The gelatin will put

a lot of species such as oxygen, nitrogen, hydrogen and sulfur into

the plume along with the lithium. Because of the higher temperature

in the center of the plume, a greater reaction rate between the lithium

and the matrix species will occur there. This would bring about a re-

duced lithium atom concentration in the center of the plume. The

lithium atom concentration profile throughout the plume appears to be

governed by both physical expansion processes in the plume and by

chemical reactions in the plume. The copper atom concentration pro-

file in the plume, however, seems to be controlled only by physical

expansion processes occurring in the plume, since no reactions between

the copper atoms and its aluminum matrix would be predicted.

The interaction of the atmosphere with the microprobe plume may

follow a certain sequence. Very early in the lifetime of the plume

(5-10 microseconds), the plume species possess a large amount of

kinetic energy. As it rapidly expands outward, the plume pushes the
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atmosphere out with it creating a lower atmospheric species concen-

tration in the plume center. As the plume species expand outward they

lose kinetic energy with the atmosphere. Eventually the outward ex-

pansion of the plume species will be slowed to a level at which the

atmosphere species can begin to enter the main region of the plume.

Initially, then, the atmospheric concentration in the center is quite

low. After a few tens of microseconds the atmosphere pushes back into

the plume from the edges and around the bottom. The last part of the

plume to be infiltrated by the atmosphere is the very center. This

idea is supported by the lithium Z-axis scans in argon and oxygen.

In the center of the plume with a 5-microsecond delay time, the lithi-

um fluorescence difference signal in oxygen was 75% of the signal in

argon, while at 70 microseconds delay time, the fluorescence in oxygen

was less than 10% of the argon fluorescence difference signal, near

to the surface. Z-axis scans of copper in oxygen and argon gave

different results than were seen with the lithium. These results may

at first seem inconsistent with each other, but they may not be, when

the chemistry differences between copper and lithiUm are considered.

The copper fluorescence difference signal in oxygen was quite low in

the center of the plume near to the surface and quite high in the

outer plume regions. This indicates that copper and oxygen are reac-

ting in the center of the plume and not in the outer regions, which

seems to be inconsistent with the lithium data. The copper data were

taken at a 70-microsecond delay time. Seventy microseconds seem to

be long enough for the atmosphere to have had time to enter the inter-

ior of the plume to a significant degree. The reason that copper and

oxygen seem to react only in the center of the plume near to the sur-

face and not in the outer regions is due to the increased temperature

in the center of the plume near to the sample surface, which gives a

greater reaction rate.

Lifetime measurements of the fluorescence difference signals of
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both lithium and copper in their respective matrices were determined.

Lithium, being a quite reactive metal, has a fairly short lifetime

in the plume. It lasts from 300 to 500 microseconds, depending on

the atmospheric pressure in the microprobe chamber. In general as

the atmospheric pressure increases, the lifetime of the lithium atoms

in the plume decreases. The lifetime of the plume could not be de-

termined at 10
-3

torr with this microprobe system. Presumably the

lifetime of the plume is less than 5 microseconds at very low atmos-

pheric pressures. In all cases the maximum fluorescence difference

signals for lithium are observed within 10 microseconds after plume

initiation. The lifetime of the copper fluorescence difference signal

in the plume is considerably longer than lithium. It is estimated to

last as long as a millisecond. The most probable reason for the in-

creased lifetime of the copper is its much less reactive character

with the atmospheric species than the lithium. Another possibility

for the increased lifetime of the copper is its aluminum matrix.

Aluminum is more reactive with the atmospheric species and, therefore,

may act as a chemical shield for the copper, since it is present at

much higher levels than the copper.

It is hoped that these studies will make the analyst aware of

some of the processes that can occur in a laser microprobe plume.

Some of the processes that an analyst should consider are pre- and

post-filter absorption, the matrix and how it can affect the analyte,

atmospheric composition and pressure above the sample, observation

time after plume formation, length of observation time, location of

observation and others such as laser beam shape and energy distribution.



216

REFERENCES

1. F. Brech, Appl. Spec., 16, 59 (1962).

2. R. Galabova, A. Petrakiev, A. Paneva, P. Petkov, Acta Histochem,
54, 66 (1975).

3. D. B. Sherman, M. P. Ruben, H. M. Goldman, F. Brech, Ann. N.Y.
Acad. Sci., 122, 767 (1965).

4. M. M. Herman, K. G. Bensch, K. W. Marich, D. Glick, Exp. Mol.
Path., 16, 186 (1972).

5. E. Giovannini, G. B. Principato, F. Rondelli, Anal. Chem., 48,
1517 (1976).

6. D. Glick, K. W. Marich, P. W. Carr, E. S. Beatrice, Ann. N.Y.
Acad. Sci., 168, 507 (1970).

7. K. W. Marich, W. J. Treytl, J. G. Hawley, N. A. Peppers, R. E.
Meyers, D. Glick, J. Phys. Ed. Sci. Inst., 7, 830 (1974).

8. W. J. Treytl, J. B. Orenberg, K. W. Marich, A. J. Saffir, D.
Glick, Anal. Chem., 44, 1903 (1972).

9. F. Hillenkamp, E. UnsOld, R. Kaufmann, R. Nitsche, Nature, 256,
119 (1975).

10. F. Hillenkamp, E. UnsOld, R. Kaufmann, R. Nitsche, Appl. Phys.,
8, 341 (1975).

11. D. Glick, K. W. Marich, Clin. Chem., 21, 1238 (1975).

12. E. Hecht, A. Zajac, OPTICS, Addison-Wesley Publishing Co.,
Reading, Mass., 1979.

13. D. ROss, Lasers Light Amplifiers and Oscillators, Academic Press,
New York, N.Y., 1969.

14. R. Wallenstein, Pulsed Dye Lasers, in Laser Handbook Volume 3,
Edited by M. L. Stitch, North Holland Publishing Co., New York,
N.Y., 1979.



217

15. F. P. Schafer, L. Ringwelski, Z. Naturforsch., 28A, 792 (1973).

16. J. B. Marling, D. W. Gregg, S. J. Thomas, IEEEE. J. Quant. Electr.,
QE-6, 570 (1970).

17. R. Pappalardo, H. Samelson, A. Lempicki, IEEE. J. Quant. Electr.,
QE-6, 716 (1970).

18. E. H. Piepmeier, private communication.

19. H. Sonnenberg, H. Heffner, W. Spicer, Appl. Phys. Lett., 5, 95
(1964).

20. I. Adawi, Phys. Rev., 134, A788 (1964).

21. E. M. Logothetis, P. L. Hartman, Phys. Rev. Lett., 18, 581 (1967).

22. F. Shiga, S. Imamura, Appl. Phys. Lett., 13, 257 (1968).

23. M. C. Teich, G. J. Wolga, Phys. Rev., 171, 809 (1968).

24. J. K. Cobb, J. J. Murray, Brit. J. Appl. Phys., 16, 271 (1965).

25. S. H. Khan, F. A. Richards, D. Walsh, IEEE. J. Quant. Electr.,
QE-1, 359 (1965).

26. M. Iannuzzi, R. Williamson, Nuovo Cimento, 36, 1130 (1965).

27. D. M. Stevenson, Proc. IEEE., 54, 1471 (1966).

28. E. Bernal, J. F. Ready, L. P. Levine, Phys. Lett., 19, 645
(1966).

29. E. Bernal, J. F. Ready, L. P. Levine, IEEE. J. Quant. Electr.,
QE-2, 480 (1966).

30. E. H. Piepmeier, H. V. Malmstadt, Anal. Chem., 41, 700 (1969).

31. E. H. Piepmeier, D. E. Osten, Appl. Spectrosc., 25, 642 (1971).

32. R. M. Manabe, Doctoral Thesis, Oregon State University, Cor-
vallis, Oregon (1977).

33. A. M. Bonch-Bruevich, Ya. A. Imas, G. S. Romanov, M. N. Liben-
son, L. N. Mal'tsev, Zh. Tekh. Fiz., 38, 851 (1968), English
Translation, Sov. Phys.-Tech. Phys., 13, 640 (1968).



218

34. N. G. Basov, V. A. Boiko, 0. N. Krokhin, O. G. Semenov, G. V.
Eklizkov, Zh. Tekh. Fiz., 38, 1973 (1968), English Translation,
Sov. Phys.-Tech. Phys., 13, 1581 (1969).

35. R. E. Honig, Appl. Phys. Lett., 3, 8 (1963).

36. J. A. Howe, T. V. Molloy, J. Appl. Phys., 35, 2265 (1964).

37. J. A. Howe, J. Chem. Phys., 39, 1362 (1963).

38. R. H. Scott, A. STrasheim, Spectrochim. Acta, 25B, 311 (1970).

39. R. M. Measures, H. S. Kwong, Appl. Opt., 18, 281 (1979).

40. W. J. Treytl, J. B. Orenberg, K. W. Marich, D. Glick, Appl.
Spectrosc., 25, 376 (1971).

41. R. M. Measures, H. S. Kwong, Proc. Laser Conf. 78, Vincent J.
Corcoran Editor, STS Press, Mclean, Va., 1979.

42. R. M. Measures, N. Drewell, H. S. Kwong, Phys. Rev., 16, 1093
(1977).

43. D. E. Osten, E. H. Peipmeier, Appl. Spectrosc., 27, 165 (1973).

44. G. J. Beenen, Thesis to be published, Oregon State University,
Corvallis, Oregon (1981).

45. C. D. Allemand, Spectrochim. Act, 27B, 185 (1972).

46. S. D. Raspberry, B. F. Scribner, M. Margoshes, Appl. Opt., 6,
1 (1967), 87 (1967).

47. H. Moenke, L. Moenke-Blankenburg, Laser Micro-Spectrochemical
Analysis, English Translation by R. Auerbach, Crane, Russack,
N.Y., 1973.

48. A. J. Saffir, K. W. Marich, J. B. Orenberg, W. J. Treytl, Appl.
Spectrosc., 26, 469 (1972).

49. W. J. Treytl, K. W. Marich, J. B. Orenberg, P. W. Carr, D. C.
Miller, D. Glick, Anal. Chem., 43, 1452 (1971).

50. K. L. Morton, J. D. Nohe, B. S. Madsen, Appl. Spectrosc., 27,
109 (1973).



219

51. M. S. W. Webb, R. J. Webb, Anal. Chin. Acta, 55, 67 (1971).

52. E. Cerrai, R. Trucco, Energia Nucleare, 15, 342 (1968), 581
(1968).

53. E. S. Beatrice, I. Harding-Barlow, D. Glick, Appl. Spectrosc.,
23, 257 (1969).

54. M. J. Mela, M. S. Sulonen, J. Phys. E. Scien. Inst., 3, 901
(1970).

55. R. Kircheim, U. Nagorny, K. Maier, G. TOlg, Anal. Chem., 48,
1505 (1976).

56. J. D. Nohe, K. L. Morton, Western Elec. Eng., 14, 34 (1970).

57. K. G. Snetsinger, K. Keil, Amer. Mineral., 52, 1842 (1967).

58. R. Trucco, Energia Nucleare, 15, 277 (1968).

59. K. W. Marich, P. W. Carr, W. J. Treytl, D. Glick, Anal. Chem.,
42, 1775 (1970).

60. E. K. Vul'fson, A. V. Karyakin, A. I. Shidlovskii, Zavodskaya
Lab., English Translation, 40, 1134 (1974).

61. E. K. Vul'fson, A. V. Karyakin, A. I. Shidlovskii, Zh. Anal.
Khim., English Translation, 28, 1115 (1973).

62. G. J. DeJong, E. H. Piepmeier, Anal. Chem., 46, 318 (1974).

63. G. J. DeJong, E. H. Piepmeier, Spectrochim. Acta, 29B, 159
(1974).

64. E. H. Piepmeier, L. de Galan, Spectrochim. Acta, 30B, 263 (1975).

65. T. Ishizuka, Y. Uwamino, H. Sunahara, Anal. Chem., 49, 1339
(1977).

66. E. H. Piepmeier, J. W. Hosch, Laser Atomic Absorption and Flu-
orescence Spectrometry, Paper No. 286, 3rd Annual Meeting,
Federation of Analytical Chemistry and Spectroscopy Societies,
Philadelphia, Pa., Nov. 1976.

67. R. M. Manabe, E. H. Piepmeier, Anal. Chem., 51, 2066 (1979).



220

68. G. H. Megrue, Science, 157, 1555 (1967).

69. M. Delhaye, P. Dhamelincourt, J. Raman Spec., 3, 33 (1975).

70. P. Dhamelincourt, F. Wallart, M. Leclereq, A. T. N-'Guyen, D. O.
Landon, Anal. Chem., 51, 414A (1979).

71. J. W. Daily, Appl. Opt., 16, 568 (1977).

72. A. L. Lewis, G. J. Beenen, E. H. Piepmeier, Chemical and Physical
Influences of the Atmosphere Upon the Spatial and Temporal
Characteristics of Atomic Fluorescence in Laser Microprobe
Plumes, Paper No. 158, 2nd Chemical Congress of the North Ameri-
can Continent, Las Vegas, Nevada, August 1980.

73. J. W. Hosch, E. H. Piepmeier, Appl. Spectrosc., 32, 444 (1978).

74. J. W. Hosch, E. H. Piepmeier, Appl. Spectrosc., 32, 447 (1978).

75. G. J. Beenen, E. H. Piepmeier, Anal. Chem., 53, 239 (1981).

76. G. J. Beenen, E. H. Piepmeier, Appl. Spectrosc., to be published.

77. G. J. Beenen, B. P. Lessard, E. H. Piepmeier, Anal. Chem., 51,
1721 (1979).

78. A. B. Whitehead, H. H. Heady, Appl. Spectrosc., 22, 7 (1968).

79. J. R. Fitzpatrick, E. H. Piepmeier, Anal. Chem., to be published.

80. J. A. Gardella, D. M. Hercules, H. J. Heinen, Spec. Lett., 13,
347 (1980).

81. T. Kantor, L. Bezur, E. Pungor, P. Fodor, J. Nagy-Balogh, G. Y.
Heincz, Spec. Acta, 34B, 341 (1979).

82. D. Apostol, I. Apostol, E. Cojocaru, V. Draganescu, I. N. Mihai-
lescu, I. Morjan, V. I. Konov, Appl. Phys., 51(2), 1238 (1980).

83. W. Van Deijck, J. Balke, F. J. M. Maessen, Spectrochim. Acta,
34B, 359 (1979).

84. Alcoa Aluminum Co., Personal Communication, 1981.

85. E. H. Piepmeier, Spec. Acta, 27B, 431 and 444 (1972).



221

86. L. M. Fraser, J. D. Winefordner, Anal. Chem., 44, 1444 (1972).

87. A. Felske, W.-D. Hagenah, K. Laqua, Spec. Acta, 27B, 1 (1972).

88. A. Felske, W.-D. Hagenah, K. Laqua, Spec. Acta, 27B, 295 (1972).

89. J. D. Winefordner, S. G. Schulman, T. C. O'Haver, Luminescence
Spectrometry in Analytical Chemistry, Wiley-Interscience, New
York, N.Y., 1972.

90. L. de Galan, J. D. Winefordner, J. 'pliant. Spectrom. Radiative
Trans., 7, 751 (1967).

91. C. Th. J. Alkemade, P. J. Th. Zeegers, Spectrochemical Methods
of Analysis, Chapter 1, edited by J. D. Winefordner, Wiley-Inter-
science, New York, N.Y., 1971.

92. Jimmy Hosch, present address: Texas Instruments, Inc., P. O. Box
5012, MS46, Dallas, Texas 75222.

93. J. M. Archibald, Head Machinist, Chemistry Department, Oregon
State University, Corvallis, Oregon 97331.

94. G. J. Beenen, Graduate Student, Chemistry Department, Oregon
State University, Corvallis, Oregon 97331.

95. J. Fitzpatrick, present address: Los Alamos Scientific Labora-
tory, P.O. Box 1663, Los Alamos, New Mexico 87545.

96. E. H. Piepmeier, Appl. Spec., 26, 100 (1972).

97. S. A. Goldstein, J. P. Walters, Spec. Acta, 31B, Part I, p. 295
(1976).

98. P. R. Bevington, Data Reduction and Error Analysis for the Phy-
sical Sciences, McGraw-Hill, New York, N.Y., 1969.



APPENDICES



A.4-11
in, I .0011 - .1wS fre.

/I wit
r,c,

(i., 7 i.t. 1-70
1.r 9111, .

---1 li
I

j i: I '4
.1 VII 14

14 1 :ill :III
ii.... mit_ 1 Leis _I .

-

ILO Te.A s.to

/11-20

0-N il. -It .4 f.. 34;
1.'4:1 1. If -.1 1.-

I

I
1"
IN; ,,,

..---.)
1
I
I

IL

s
t
I

I

-Ai
h.1 I

I

I
;.../i 1

I

I

I

1.5" Mounting Post Clamp

/4.-1-5 (4r

i1.,.1
pir rel. 7f.

at..,.
01.'4

1.1

H
X



1).. fi 1.7, hde 4 -it'
Rde:,e 0.4 t
Yie e r eta.

1.5" Post

1. Ad__

= Irts 6...-A
(r.L.GA :1

.17 J. W. Km(
Zs re& rt7r



rrr

64

Posi Bose P1 /e

geseL
ZLEe6. 1974-

3 >

Post Base Plate

224

3,4
co.te, boec

20 /Me- (op



scemd..)5 
6-17r 

° /5 

dureiD umou 

sz,bi *??d 

7 .13 VI (y) 

fd)15 t41°,2 = 
?/...5 it e..)j 

s4, 

4 

CZZ 



4./(.5 "

s Or J, -2C
(7.1, f

4 4

6.-r(4.. NO/ iff

F.

- e eeq
.'

s(-4%

Nole it

7; e/.'4
vie

f.-
Lea.-e

sire/
fte

4 5.'2

to se,orl4
ia //.

6. //.

TI-e, by
Z 76-

Spacer Blocks For Sampling Laser



D. De.l c.e4C
II r"rt

o ye cj,, \Slrrl b.Il

[Lit A...41 -1 hr
7 6 0..,

4"

Dm 13..4 7S, de
Mon.:.., 4 Ver F. 41

boji./4. 11" "'"fr"'
S-

I, 1
yep bal A tr'-d /,.Ie I.

crept J4, -yi-
Tiph.; (1:... if all f0 .4 pr.)

v., b./. 4-40
hdd

V-.

r-

J. to //
2 3' re6.117.5-

Mirror Backing Plate

ii co- - -

-1 2 f i-

RevIsed 1y



MAti-,,r 0 Cf f 0"."/
0. ye," d , /14 -.tr. 4
5 1.el 6.11.

1). s-t4
2 hde, 1; -4e f.

"Pr. odj. LI

:1 :Tilt,

hoe, f.. 4-20 c.,

Mda

f f

Mirror Tilt Board

1

Full stile
M11

zc if?3-

14 ..14
hotel i. b.fit

411

.01.( I It (.0., .11



-20 2 bolls Is See
Nate 1.

229

SLAP-1-3' Attilx

at
II-57.;/e

t-wo Atiee

Ai!te 2, MacL 1".
die; a
edge of at

c( V/k h's I
134 II.

0

Swing-Away Mounting Arm



230

-4"
tar_ Y4 -2;5.

-IN 4-r1 1T-71
1 1 ill

Pell,ele Sea Sel.' 4e
310c

Two Reg.'d.
FUJI Se41e
M.i'l

Dr
A

. gos.,4
)4 Apr 1 f74-

3
4

44

Pr!II a..d
11.1es

14:20 Allen
-4e evr.C.

Pellicle Beam Splitter Mount



.1.!".'")"" Acilt4tV^,

231

I cc,i K-,L IL
Cho. e.

T1-
4-0 4,../E

TI!

N..R'J,ic r A

19. rfia' 3
en". .r.gi001 7.4.416

.1 by .1. W. gore.4

2 Feb /1,71-

Zi1 414%!r.e

r(ept
htr.ple..ei 51,4 bag.

5pe A = 1"

.

Re v.Isel 22 )474

Mirror Adjusting Screw



232

APPENDIX II

MECHANICAL DRAWINGS OF OLD MICROPROBE
CHAMBER, DESIGNED BY J. W. HOSCH

PART NO. PART DESCRIPTION

1 Main Chamber

2 Left Bearing Cap

3 Right Bearing Cap

4 Left Bearing Shaft Seal

5 Right Bearing Shaft Seal

6 Threaded Bearing Posts

7 Sample Assembly

8 Front Access Panel

9 Bottom Access Panel

10 Drive Gear Assembly Note 1

11 Drive Gear Shaft Seal
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NEW MICROPROBE CHAMBER DESIGN DRAWINGS
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SIDE WINDOW CROSS SECTION

2.062" OUTSIDE01

.814"

O 375" INSIDE

O

0-RING GROOVE BLOWUP
iiii10" TO 5

CORNER
BREAK
0.005"
RADIUS TO \GROOVE

acme RAMA
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0.030 TO 0.054"
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TOP WINDOW CLAMP
MATERIAL : I/2 " ALUMINUM

0-RING GROOVE
2.615: L O.
0.180 WIDE
0.095" DEEP

6- MOLES TI4ROUGti GORE
4-40 ON A 1.622 RADIUS
50. APART

2.400" DIAMETER

2" DIAMETER

3.494" DIAMETER

CROSS SECTION

T1"
cy

o
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WINDOW CLAMPS
MATERIAL: 0250" ALUMINUM

LEFT SIDE AND
SACK CLAMP

0-RING GROOVE
1.615"
O. ISO WIDE
0.095" DEEP

DOOR AND
MOM SIDE
CLAMP

0-RING GROOVE
1.615" LD.
0.190" WIDE
0.095" DEEP

4-NOLES TIIROU,OM SORE
4.40 ON A I.127 RADIUS
60' APART

442"- DIAMETER

L3T5"- DIAMETER

ROLES TIOIOUGM SORE
4-40 ON A Lar RADIUS
se APART

442"- DIAMETER

DIAMETER
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STAGE MOUNT
TOP VIEW

MATERIAL: ALUMINUM

END VIEW

4-HOLES THROUGN.......
BORE 4-40 41.

4-4101-ES THROUGH
TAPPED 6-32
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STAGE ASSEMBLY
STAGE 1 KLINGER MRS-50-16

MODIFICATIONS TO CARRIAGE :
PRECISION GRIND TWO GROOVES

sas
MODIFICATIONS TO FRONT PANEL :

D- DRILL 1/4" HOLE0

k-0.9761L-,.1



STAGE SCREW HOLDER

MATERIAL: ALUMINUM

A,8 TNROUGN TAPPED 5-52
C 7/66
0 TAPPED 2-56

TOP VIEW
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WHEEL MOUNT

SCALE I:I MATERIAL : ALUMINUM

SIDE VIEW

V8" BALL BEARING
- SOCKET, BOTH ENDS

itli-1.00011-0i
d ---I. 2501=---.0

1.800"

END VIEW

3-THROUGH BORE 4-40 ON A
0.750" DIAMETER , 120° APART
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WHEEL ASSEMBLY
TOP VIEW
MATERIAL: ALUMINUM

4- I. 064.-411.1
41.-.-1.301"
0-- 1501"

2.1135' PI

2.435"

MOLES A,I3 TMROUGM TAPPED 318 -32
MOLES C,D TMROUGM AND COUNTER BORED 3-mm METRIC

ENO VIEW

AS

it

O



GEAR MODIFICATIONS

WHEEL GEAR

/SAW

We .0 Aw.ew.

143 PITCH 1/2" FACE
(CUT TO 3/8" FACE,
AND REMOVE HUB)
3/8" BORE, 20* PRESSURE
ANGLE, 22 TEETH , L500"
OUTSIDE DIAMETER,
1.3750" PITCH DIAM-
ETER , STAINLESS
STEEL ,wiNFRED M.
BERG , P16.536-22 ,
CUSTOM MADE, A00
4-SC SET SCREW

STAGE GEAR

IS PITCH I/2. FACE
(REMOVE HUB) V2 "
BORE, 2C PRESSURE
ANGLE., 20TEETH,
1.375" OUTSIDE DIAM-
ETER. 12300" PITCH
DIAMETER, STAINLESS
STEEL, WINFRED A.
BERG, /H6530-20, ADO
4.40 SET SCREW
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SHAFT MOUNT

SCALE 2:1 MATERIAL: ALUMINUM

7 1 1 ,...... CSREMON
.:0

0
0.

1 cwswAvvv~A~AA

1.-
14

0.250"
1-

,..00"

TAPPED 4-40

7/64" 1 TAPPED 1/4-28

END VIEW
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LENS HOLDER
SCALE I:1 MATERIAL: ALUMINUM

GROOVE FOR 2-56 SCREW
.375" DIAMETER

250" DIAMETER
000" DIAMETER

TOP VIEW

063"
0.125"
ales"

HOLDER ASSEMBLY

GR OVE FOR 2-56 SCREW

747
SIDE VIEW

itZ

O



LENS DOVETAIL
SCALE 1:1 MATERIAL: ALUMINUM

SIDE VIEW

TOP VIEW
A B

aloe"
0214" 0.

re) csj
N

0 cj
0.386"
0.492"

A,8 THROUGH BORE 2-56

TEFLON INSERT

0 60di
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0.025"
0.223"
0.341"

0.473"

LENS DOVETAIL
SCALE I:1 MATERIAL: ALUMINUM

SIDE VIEW

0.607"
.795"

0.820"-0

t -1
:(.0 -0 100 at

CN1

CV

(d 0 12C:f 0 0 d

TOP VIEW

le :IA lbzao

0 CO g
cidOd

A,B BLIND TAPPED 2-56

RACK GEAR

In

NII

SI
ci

A=0.175".
B=0.275"

PINION

64 PITCH, 20° PRESSURE ANGLE,
0.230" FACE (CUT TO 0.125") ,

STAINLESS STEEL, PIC AG-3

GEAR

64 PITCH, 200 PRESSURE ANGLE,
3/16" FACE, 22 TEETH, 3/16"
BORE, P.D. 0.3437" , 0.0. 0.375",
STAINLESS STEEL PIC G15-22
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LENS TRANSMISSION CASE

SCALE I:I MATERIAL: ALUMINUM

SIDE VIEW

8

0,78131

asisoL-0

1.450"
1.701"

2.001"
2.201"
2.301"

A=0.100"
8=0.200:
C=0.450
D-G THROUGH BORE 2-56
H=1.250 DIAMETER
I =0.875" DIAMETER
J=0.750" DIAMETER
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LENS TRANSMISSION CASE
SCALE I:1 MATERIAL: ALUMINUM

1

TOP VIEW

t i

I

I

II I
I I i t

I fi t

1

rEl
feco:co%

1 1 1 1 I i
wiBmrwlw

N "co
re) G H

i i oC o o

TIITA-I TAPPED 2-56

et 2c02011,31 J 3/8" THROUGH BORE
fri 12 2 0 K THROUGH TAPPED 6-32
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Mt MIN OM
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0 0
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LENS TRANSMISSION CASE COVER

SCALE 1:1 MATERIAL:0.075" ALUMINUM

OA Bo

0.100

0
2.20a
2.301"

A-0 THROUGH BORE 2-56
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TRANSMISSION DOVETAIL
SCALE I:1

END VIEW
MATERIAL: BRASS

CD

t t=0 =0 COit) 0 0
M CY

e$ 0
0.40
10--1.000"

4-- 1.I 00'
4---1200"
4 1.300"
4-- 1.400"

SIDE VIEW

C D

I

F
..1142-;

- G

0.150" 14 -
0.475
0.625.' 4-

0.100"
0200"
0.300"

A-0 THROUGH BORE 2-56
E-H BLIND TAPPED 2-56 0.250" DEEP
I,J THROUGH TAPPED 2-56



TRANSMISSION DOVETAIL
SCALE I:I MATERIAL: BRASS

END VIEW

0.135"
in 0250"

Cir....

i

o
n

pi, cv .365"
()sod

TOP VIEW

A
4--r-t-r-v-

11
1.,

;11) C
in
1 1.......u.i....

A,B-I/16" DRILL
C-THROUGH AND COUNTER

BORED 2-56
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DOVETAIL ENDPLATES
SCALE CI MATERIAL : 1/16" BRASS

ail0"
0.300"

A,B THROUGH BORE 2-56

DOVETAIL INSERT
MATERIAL 0.100" TEFLON

OS25" 10-
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SCALE I:1

219 SIDE VIEW

0.750"

END VIEW

0.1151-t
0.230"

375

A-TAPPED 2-56

RACK GEAR , 64 PITCH , 20° PRESSURE
ANGLE, 0230" FACE, STAINLESS
STEEL , PIC AG-3

PINION GEAR , 64 PITCH , 20° PRESSURE
ANGLE, 3/16" FACE, 22 TEETH, 3/16"
BORE, P.D. 0.3437 ", 0. D. 0.375",
STAINLESS STEEL , PIC G15 -22



STEPPER MOTOR MOUNT

N

00
MATERIAL: ALUMINUM

C 0

4

wloom.oo"
.I B8"

ere"
Leod:.0

2.000"
3.0 0 0"

3.500"

FC

III=Negb

3.626
3.813"
4.0 0 0"

4.500"
6.0 0 0"

4..0 GROOVE FOR 612 SCREW
,F THROUGH TAPPED 0-32 END VIEW

E
0250"40

4-0.900"
1114 . t501401
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0-RING LIST

Internal 0-Rings

DOOR Parker #2-046-V747-75 viton

4.239" ± 0.015" x 0.070" ± 0.003

SIDE WINDOWS Parker #2-030-V747-75 viton

1.614" ± 0.010" x 0.070" ± 0.003"

TOP WINDOW Parker #2-038-V747-75 viton

2.614" ± 0.010" x 0.070" ± 0.003"

External 0-Rings

SIDE WINDOWS Parker #2-223-C447-70 neoprene

1.609" ± 0.010" x 0.139" ± 0.004"

TOP WINDOW Parker #2-231-0557-70 neoprene

2.609" ± 0.010" x 0.139" ± 0.004"
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APPENDIX IV

MECHANICAL DRAWINGS OF X,Y,Z-TRANSLATION
STAGES. DESIGNED BY J. W. HOSCH
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APPENDIX V

MICROPROBE LASER MODIFICATIONS
DESIGN DRAWINGS

FRONT PLATE MODIFICATIONS
SCALE I:1
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FRONT QUARTZ ROD MOUNT
SCALE 1:1 MATERIAL'. ALUMINUM
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FRONT QUARTZ ROD MOUNT

SCALE I:1 MATERIAL: ALUMINUM
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FRONT QUARTZ ROD MOUNT
SCALE 1:1 MATERIAL: ALUMINUM

FRONT VIEW
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REAR PLATE MODIFICATIONS
SCALE 1:1

A,C-3/8" DRILL THROUGH
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REAR QUARTZ ROD MOUNT
SCALE I:1 MATERIAL: ALUMINUM

TOP VIEW
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REAR QUARTZ ROD MOUNT

SCALE 1.1 MATERIAL: ALUMINUM

TOP VIEW
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REAR QUARTZ ROD MOUNT
SCALE rI MATERIAL: ALUMINUM

TOP VIEW
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QUARTZ ROD SUPPORT
SCALE I:1 MATERIAL: ALUMINUM

FRONT VIEW
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1

2

3

4

5
6
7

8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

000000

060000
060004
060010
060012
060016
060020
060024
060026

060034
060040
060044
060050
060054
060062
060066

000000
000001
000005
000007
167774
167772
177300
177304
176770
176772
172540
177570

060000

016700
005767
001537
005767
001452
005767
001424
000402

060034

016705
005067
005067
005067
012767
004767
000207

APPENDIX VI

MICROPROBE EXPERIMENT OPERATING
PROGRAMS

;LASER MICROPROBE PROGRAM 13
;DESIGNED WRITTEN,EDITED, AND PRODUCED
;VERSION 8
;JANUARY 1980 (MODIFIED OCT. 1980)
;BY
;GERHARD J. BEENEN

DATAO =t0 ;DATA POINTER
COUNT2 =81 ICOUNTFR USED IN STEP ROUTINE
COUNT1 =85 ;NO. OF CMX-4 SHOTS TO TAKE
PC =t7
DRIN7 =167774 1PARELLEL I/O PORT (INPUT)
DROUT7 =167772 1PARTLLEL I/O PORT (OUTPUT)
DIV .177300 ;DIVISION REG. FOR HARDWARE MILL /DIV
MO =177304 ;QUOTIENT REG. FOR HARDWARE MOL/DIV
ADCSR =176770 ;CSR FOR ADC
ADDOR =176772 yDBR FOR ADC
CCSR =172540 ;CSR FOR CLOCK
SWR =177570 ;SWITCH REGISTER ON 11/20

.ASECT

.=60000

001302 START: MOV POINT,DATA0 ;SET UP DATA POINTER
001302 TST FLAG() IFLAGO=0, FLAG1=X, AND FLAG2=X

UEO WAVEC 7....00 A WAVELENGTH SCAN
001276 TST FLAG1 IFLAGO=1, FLAG1=0, I FLAG2=1

DEO MPROBE /....TAKE MPROBE DATA
001272 TST FLAG2 IFLAGO=1, FLAG1=1, I FLAG2=0

DEO DARKC ;....COLLECT DARK SIGNALS
DR LIGHTC ;DEFAULT; FLAGO=1, FIAG1=1, AND

;FLAG2=1....COLLECT LIGHT SIGNALS

;SUBROUTINE LIGHTC WILL COLLECT DATA FROM CHO, CH1, 6 C112
;AND AVERAGE INTO SUMO, SUM1, AND S11M2. COUNT1
;IS THE NUMBER OF DATA POINTS TO BE AVERAGED. WILL
;ONLY FIRE TUE CMX-4.

.=60034 ;SAVE ROOM FOR ROUTINE EXPAN.

001304 LIGHTC: MOV NSHOT3,COUNT1 ;1 SHOT ONLY
001254 CLR SUMO ;CLEAR SUMMING REGISTERS
001252 CLR SUM1
001250 CLR SUM2
000004 001060 MOV 14,WAIT0+12 ;FIRE CMX-4 ONLY
000334 JSR PC, DCYCLE

RTS PC ;RETURN TO CALLING PROC.

ASSEMBLY LANGUAGE PROGRAM

0



1

2

3

;SUUROUTINE DARKC DOES THE SAME AS LIGHTC EXCEPT IT BLOCKS
;THE CMX-4 BEAM PRIOR TO DATA COLLECTION.

4 060076 .=60076 ;SAVE ROOM FOR ROUTINE EXPAN.
5

6 060076 052737 000400 167772 DARKC: BIS 1400,@IDROUT7 ;BLOCK BEAM
7 060104 032737 000001 167774 WAIT2: BIT 11,E4DRIN7
8 060112 001374 BNE WAIT2 ;WAIT FOR BLOCKER TO GO DOWN
9 060114 004767 177714 JSR PC,LIGHTC

10 060120 005767 001172 TST FLAG2
11 060124 001403 BEQ EXIT4
12 060126 042737 000400 167772 BIC I400,@IDROUT7 ;UNBLOCK BEAM
13 060134 000207 EXIT4: RTS PC ;RETURN TO CALLING PROD.
14
15
16 ;SUBROUTINE MPROBE IS THE MEAT OF THE PROGRAM. IT IS SET
17 ;UP TO COLLECT 4 DARTK SHOTS, 4 LIGHT SHOTS AND 1 SHOT WITH
18 ;THE SYNERGETICS LASER BEING FIRED. WILL POSITION DARK1
19 ;AT THE BEGINNING OF THE DATA SET AND POINT AT THE NEXT
20 ;AVAILABLE DATA LOCATION.
21
22 060144 .=60144 ;SAVE ROOM FOR ROUTINE EXPAN.
23
24
25 060144 012767 000004 001172 MPROBC: MOV 14,NSHOT3 ;SET UP TO COLLECT FOUR DATA PTS
26 060152 016720 001150 MOV WFLAG,(DATAO)+ ;SET WAVL. FLAG
27 060156 105737 172540 REST: TSTB @ICCSR ;CHECK TO SEE IF ITS TIME28 060162 100375 BPL REST
29 060164 005337 172540 DEC @ICCSR ;TO CLEAR DONE BIT
30 060170 005237 172540 INC @ICCSR ;TO START CLOCK AGAIN
31 060174 004767 177676 JSR FC,DARKC ;COLLECT DARK DATA
32 060200 004767 177630 JSR PC,LIGHTC ;COLLECT LIGHT DATA
33 060204 012767 000001 177644 MOV I1,L1GHTC+22 ;GET READY TO FIRE BOTH LASERS
34 060212 012767 000001 001124 MOV #1,NSHOT3 ;SET UP FOR 1 SHOT ONLY
35 060220 005267 001070 INC FLAG1 ;SO IT DOESN'T AVERAGE 1 SHOT
36 060224 004767 177604 JSR PC,LIGHTC ;GO DO IT
37 060230 016720 001064 MOV SUM0,(DATAO)i ;STORE FLUORESENCE
38 060234 016720 001062 MOV SUM1,(DATA0)+ ;STORE CMX INTENSITY
39 060240 016720 001060 NOV SUM2,(DATA0)+ ;STORE SYNERGETICS INTENSITY40 060244 016767 001036 001036 MOV POINT,DARK1 ;SAVE FIRST LOC. OF DATA
41 060252 032737 000001 177570 BIT 11,@ISWR ;DO WE WANT TO SAVE THE DATA?
42 060260 001402 BEQ EXITS ;NOPE NOT THIS TIME
43 060262 010067 001020 MOV DATAO,POINT ;SAVE ADDRESS OF NEXT DATA LOC
44 060266 012767 000004 177562 EXITS: MOV 14,LIGHTC+22 ;RESET FOR CMX ONLY
45 060274 005367 001014 DEC FLAG1 ;RESET FOR AVERAGING
46 060300 000207 RTS PC ;RETURN TO CALLING PROD.
47
48



1

2

3
4

5

;WAVEC IS A SUBROUTINE WHICH HANDLES ALL THE ROUTINES USED
;TO PRODUCE A WAVELENGTH SCAN. IT DIRECTS WAVL TO TAKE A
;A LIGHT SCAN AND TO REPOSITION THE WAVE-
;LENGTH CONTROL STEPPER MOTORS AFTER EACH SCAN.

6 060310 .=60310 ;SAVE ROOM FOR ROUTINE EXPAN.
7

8 060310 012767 000004 000624 WAVEC: MOV 14,WAIT0+12 ;SET UP FOR FIRING CMX-4 ONLY
9 060316 004767 000242 JSR PC,WAVL ;GO COLLECT LIGHT SCAN
10 060322 004767 000010 JSR PC,HME ;REPOSTION WAVL STEPPER MOTORS
11 060326 000207 RTS PC ;RETURN TO CALLING PROG
12
13
14 ;HOME IS A SUBROUTINE CALLED BY WAVEC TO REPOSITION THE
15 ;WAVELENGTH CONTROL STEPPER MOTORS TO THEIR PRE-WAVE-
16 ;LENGTH SCAN POSITION.
17
18 060336 .=60336 ;SAVE ROOM FOR ROUTINE EXPAN.
19
20 060336 016767 000776 000740 HONE: MOV NSHOTI,NSTEP ;ROUTINE TO MOVE WAVEL. STEPPER
21 ;MOTORS BACK TO ORIG. SETTINGS
22 060344 012767 000040 000756 MOV 140,STEPER
23 060352 004767 000606 JSR PC,STEP
24 060356 016737 000756 177304 MOV NSHOT1,@INQ ;SET UP HARDWARE MUL/DIV
25 060364 016737 000712 177300 MOV OFSET1,@IDIV
26 060372 013767 177304 000704 MOV PIMO,NSTEP ;NO. OF STEPS COARSE TO STEP BACK
27 060400 012767 000200 000722 MOV 1200,STEPER
28 060406 004767 000552 JSR PC,STEP ;GO STEP
29 060412 000207 RTS PC ;RETURN TO CALLING PROG
30
31
32 ;SUBROUTINE DCYCLE IS USED BY LIGHTC AND DARKC TO DO THE
33 ;DATA COLLECTION AND AVERAGING. COUNT1 CONTAINS THE NUMBER
34 ;OF DATA POINTS TO BE AVERAGED (MUST BE 4) AND FLAG1 TEST
35 ;TO SEE IF AVERAGING IS TO BE DONE (NOT DONE IF FLAG1=1)
36 ;AFTER AVERAGING CHO, CHI, AND CH2 THE DATA POINTER IS
37 ;INCREMENTED BY 6.
38
39 060422 .=60422 ;SAVE ROOM FOR ROUTINE EXPAN.
40
41 060422 004767 000472 DCYCLE: JSR PC,FIRE ;GO FIRE THAT LASER
42 060426 032737 100000 177570 WAIT1: BIT 1100000,PISWR ;ARE WE STUCK BECAUSE THE
43

;SYNERGETICS DIDN'T FIRE?
44 060434 001003 BNE OOL ;GET OUT OF LOOP (O.O.L.)
45 060436 105737 167774 TSTB PIDRIN7 ;TEST TO SEE IF LASER HAS FIRED46 060442 100371 BPL WAIT1
47 060444 004767 000340 OOL: JSR PC, CHO ;GET THAT DATA
48 060450 061067 000644 ADD (DATAO),SUMO ;START SUMMING PROCESS FOR AVERAGING49 060454 066067 000002 000640 ADD 2(DATA0),SUM1 ;THIS IS FOR ADC CHI
50 060462 066067 000004 000634 ADD 4(DATA0),SUM2 ;THIS IS FOR ADC CH2
51 060470 005305 DEC COUNT1 ;HAVE WE FIRED ENOUGH
52 060472 003353 BGT DCYCLE ;LETS DO IT AGAIN
53 060474 005767 000614 TST FLAG1 ;TIME TO GO BACK?54 060500 001025 DNE EXIT2 ;MUST NOT WANT TO AVERAGE DATA



1 060502 006267 000612 ASR SUMO ;DIVIDE SUM BY 2
2 060506 006267 000606 ASR SUMO ;DIVIDE SUM BY 4
3 060512 000400 BR .+2 ;SAVE SPACE IF WANT TO DIVIDE BY 8
4 060514 016720 000600 MOV SUM0,(DATA0)4 ;SAVE AVERAGE FOR CHO
5 060520 006267 000576 ASR SUM) mitts IS FOR CHI
6 060524 006267 000572 ASR SUM
7 060530 000400 BR .42
8 060532 016720 000564 MOV SUM1,(DATA0)4 ;NOW HAVE AVERAGE FOR CHI
9 060536 006267 000562 ASR SUM2 ;THIS IS FOR CH2
10 060542 006267 000556 ASR SUM2
11 060546 000400 BR .42
12 060550 016720 000550 MOV SUM2,(DATA0)4 ;NOW HAVE AVERAGE FOR CH2
13 060554 000207 EXIT2: RI'S PC

14
15
16 ;SUBROUTINE FOR WAVELENGTH FIND
17
18 060564 ..=60564 ;SAVE ROOM FOR ROUTINE EXPAN.
19
20 060564 016767 000550 000550 WAVE: MOV NSHOT1,NSHOT2 ;NO. OF DATA PTS TO COLLECT
21 060572 016767 000534 000534 MOV GROUP1,GROUP2 ;NO. OF PTS/ETALON SETTING
22 060600 016767 000476 000530 MOV OFSCT1.0FSET2 ;NO. OF STEPS ETALON/STEP DI FILTER
23 060606 005067 000506 CLR SUMO
24 060612 004767 000302 WARMUP: JSR PC,FIRE ;WARM UP LASER AND H.C. LAMP
25 060616 005367 000456 DEC PREDAT
26 060622 003373 BGT WARMUP
27 060624 105737 167774 TAKES: TSTB 111DRIN7 ;WAIT FOR LASER TO FIRE
28 060630 100375 am TAKES
29 060632 016737 000510 176770 SETADC: NOV SELECT,P1ADCSR ;SET ADC EXT ST.
30 060640 004767 000232 JSR PC,C113 ;DATA COLLECTED IS TRASH,
31 ;WILL. WRITE OVER IT
32 060644 004767 000250 AGAIN: JSR PC,FIRE ;BLAST THAT 1101,1.0W CATHODE LAMP

33 060650 004767 000222 JSR PC,C113 IGO GET THE DATA(OPTO-GALVANIC ONLY)
34 060654 061067 000440 ADD (DATA0),SUMO ;GOING TO DO SOME AVERAGING
35 060660 005367 000450 DEC GROUP2 ;MORE PTS TO DE AVERAGED?
36 060664 003367 MGT AGAIN ;YUP
37 060666 016767 000440 000440 MOV GROUPI,GROUP2 ;RESTORE. GROUP COUNTER
38 060674 006267 000420 ASR SUMO ;DIVIDE IT BY 2
39 060700 006267 000414 ASR SUMO ;NOW BY 4
40 060704 000400 BR .42 ;SAVE SPACE FOR DIVIDE HY 8
41 060706 016720 000406 MOV SUM0,(DATA014 ;SAVE THE AVERAGE
42 060712 005067 000402 CLR SUMO ISO ITS READY NEXT TIME
43 060716 012/67 000001 000360 NOV I1,NSTUP
44 060724 012767 000100 000376 MOV 1100,STEPER ;GOING TO STEP THE FINE
45 060732 004767 000226 JSR PC,STEP
46 060736 005367 000374 DEC OFSET2 ;TIME TO STEP COARSE?
47 060742 003013 BGT TEST 1NOPE,NOT YET
48 060744 016767 000332 000364 NOV OFSET1,OFSET2 /RESTORE OFFSET CNTR.
49 060752 012767 000001 000324 MOV 11,NSTEP ;NOW WE'LL DO SOME STEPPING
50 060760 012767 000020 000342 MOV 120,STEPER ;WE'RE GOING TO INCREASE TUE COARSE
51 060766 004767 000172 JSR PC,STEP
52 060772 005367 000144 TEST: DEC N5110T2 1 TAKEN EINXIGII SHOTS?

I...)

53 060776 002322 BGE AGAIN ;DOPE NOT YET 0
54 061000 000207 EXIT1: PTS PC ;ALL DONE FOR NOW til

55
56



1

2

3

;THIS IS THE ROUTINE FOR DOING
;THE ANALOGIDDIGITAL CONVERTER FOOTWORK

4 061010 .=61010 ;SAVE ROOM FOR ROUTINE EXPAN.
5 061010 012737 000031 176770 C110: MOV 131,81ADCSR ;C110,1.25V,STARTS ON SELECTION
6 061016 105737 176770 TSTB @IADcsil
7 061022 100375 BPL .-4
8 061024 013710 176772 NOV 81ADD1111,(DATA0) ;SAVE THAT NUMBER
9 061030 012737 000431 176770 COls MOV 1431,8IADCSR 1C111, 1.25V, STARTS ON SELCTION

10 061036 105737 176770 TSTD @1ADCSR
11 061042 100375 BPL .-4
12 061044 013760 176772 000002 NOV WIADDBR,21DATA01 ;GOT THE DATA FOR CH1
13 061052 012737 001031 176770 CH2s MOV 11031,01ANCSR ;C112, 1.25V, STARTED WHEN SELECTED
14 061060 105737 176770 TSTB 01ADCSR
15 061064 100375 BPL .-4
16 061066 011760 176772 000004 MOV @IADDDR,41DATA0/ ;THIS IS FOR C1)2
17 061074 000207 RTS PC ;RETURN TO CALLING PRO(;
18 061076 105737 176770 013: TSTBRIADCSR ;NOT SELECTING OR STARTING THIS
19 ONE SINCE IT WILL ALWAYS DE
20 ;EXTERNALLY STARTED!
21 061102 100375 DPI. CH3
22 061104 013710 176772 MOV plAODDR,(DATA01
23 061110 000207 (ITS PC ;TIME TO GO BACK
24
25
26 ;SUBROUTINE FIRE WE'LI. DO OUR BLASTING
27 ;FROM HERE
20
29 061120 .,-61120 ;SAVE ROOM FOR ROUTINE EXPAN.
30 061120 032737 000001 167774 FIRE: BIT 11,01DRIN7 ;IS LAST SYNCH PULSE OVER?
31 061126 001774 DEQ FIRE ;ROPE, NOT YET
32 061130 032737 000001 167774 WAITO: BIT i1,PIDRIN7 ;WAIT FOR SYNCH TO GO 1.0
33 061136 001374 BRE WAITO
34 061140 052737 000000 167772 BIS 10,SIDROUT7 /IF N=4, WILL FIRE CMX ONLY
35 OF N=1, WILL FIRE Dom
36 061146 046737 177770 167772 BIC WAIT0112,81DR0Ur7 ;CLEAR IT OUT TO MAKE IT A PULSE
37 061154 000207 RTS PC
38
39
40 ;SUBROUTINE STEP Tills IS USED TO STEP THE
41 ;LASER WAVELENGTH CONTROL. STEPPER MOTORS
42
43 061164 .61164 ;SAVE ROOM FOR ROUTINE EXPAN.
44
45 061164 012701 002000 STEP: MOV 12000,COONT2 ;THIS IS TO GENERATE SOME DELAY
46 ;SO THE STEPPER MOTOR DOESN'T
47 ;STEP i101000 FASTI
40
49 061170 056737 000134 167772 PIS STEPER.PIDROOT7 ;IF N-20...INCREASE COARSE WAVL
50 ;IF N=200..DECREASE COARSE WAVL
51 ;IF N-40...BECREASE FINE WAVL
52 ;IF N=100..INCREASE FINE WAVL
53 061176 046737 000126 167772 D1C STEPER,O,DROVT7 ; LETS MAKE IT A PULSE
54 061204 005367 000074 DEC tisTEP ;MORE. STEPS TO TAKE?
55 061210 003403 BLE EXIT) ;ALL DONE FOR (KM
56 061212 005301 WAIT3: DEC CUUNT2 ; LETS REST FOR AWHILE
51 061214 003176 DGT WAIT3



58 061216 000762
59 061220 000207
60
61

BR STEP ;GOT MORE TO 00
EXITS: RTS PC ;QUITTING TIME



1

2
3

4

5

6
7

061300 .=61300

;MEMORY STORAGE LOCATIONS PLACED HERE SO IF BINARY PROG.
;MUST BE CHANGED, THE ADDRESS THAT BASIC INTERACTS WITH
;WON'T CHANGE.

8 061300 000020 PREDAT:20
9 061302 000010 OFSET1:10
10 061304 000000 NSTEP :0
11 061306 063000 POINT :63000
12 061310 063000 DARK1 :63000
13 061312 000000 FLAGO :0
14 061314 000000 FLAG1 :0
15 061316 000000 FLAG2 :0
16 061320 000000 SUMO :0
17 061322 000000 SUM1 :0
18 061324 000000 SUM2 :0
19 061326 000000 WFLAG :0
20 061330 000040 STEPER:40
21 061332 000004 GROUP114
22 061334 000000 GROUP2:0
23 061336 000000 OFSET2:0
24 061340 000120 NSHOT1:120
25 061342 00'0000 NSHOT2:0
26 061344 000001 NSHOT3:1
27 061346 001432 SELECT:1432
28 061350 000167 177610 JIMP STEP ;ENTER FOR STEPPING
29 061354 016700 177726 MOV POINT,DATA0 ;RESET DATA POINTER
30 061360 000167 176450 JMP LIGHTC ;TO COLLECT DARK OR LIGHT
31
32
33 000020 .END 20



SYMBOL TABLE

ADCSR = 176770 DCYCLE 060422 FLAG2 061316 OFSET2 061336 SUM2 061324ADDBR = 176772 DIV = 177300 GROUP1 061332 001 060444 SWR = 177570AGAIN 060644 DRIN7 = 167774 GROUP2 061334 POINT 061306 TAKES 060624CCSR = 172540 DROUT7= 167772 HOME 060336 PREDAT 061300 TEST 060772CHO 061010 EXIT1 061000 LIGHTC 060034 REST 060156 WAITO 061130
CHI 061030 EXIT2 060554 MPROBE 060144 SELECT 061346 WAIT1 060426
0112 061052 EXITS 061220 MO = 177304 SETADC 060632 WAIT2 060104
C113 061076 EXIT4 060134 NSHOT1 061340 START 060000 WAIT3 061212COONT1=%000005 EXITS 060266 NSHOT2 061342 STEP 061164 WARMUP 060612COUNT2=8000001 FIRE 061120 NSHOT3 061344 STEPER 061330 WAVEC 060310DARKC 060076 FLAGO 061312 NSTEP 061304 SUMO 061320 WAVL 060564DARK1 061310 FLAG1 061314 OFSET1 061302 SUM. 061322 WFLAG 061326DATAO =8000000

. ABS. 061364 000
000000 001

ERRORS DETECTED: 0



310

BASIC PROGRAM

100 DIM D(100),R(49,1),S1(3)
120 LET Q=EXF(9,167772,2)
140 LET K0 =0 :LET K1=1 :LET K2=2 :LET K3=3 :LET K5=50
370 LET 51=0:LET S5=0:LET 57=0:LET S3=0:LET S6=0
390 LET 54=0:LET W1=0:LET D2=0:LET D3=0 :LET Z4=0 :LET Z3=0 :LET V7=0
500 LET Q=EXF(0) :LET Q=EXF(14,1,12,12,12)
520 LET Q=EXF(9,172540,0)
540 PRINT "PROGRAM OF CHOICE"
560 PRINT
580 PRINT "1 DARK SIGNALS"
600 PRINT "2 LIGHT SIGNALS, LASER DETECTOR RATIO"
620 PRINT "3 MICROPROBE DATA"
640 PRINT "4 WAVELENGTH SCAN"
720 INPUT V1
740 IF V1=1 THEN GOSUB 1000
760 IF V1=2 THEN GOSUB 1500
780 IF V1=3 THEN GOSUB 2500
800 IF V1=4 THEN GOSUB 6500
960 GOTO 370
1000 REM ROUTINE TO COLLECT AND DISPLAY DARK SIGNALS
1008 LET Q=EXF(0) :LET Q=EXF(14,1,12,12)
1020 PRINT "DETECTOR CMX SYERGETICS"
1030 LET Q=EXF(9,61314,1,61344,1) :LET Q=EXF(85,167772,400,1,1)
1040 LET C1=0
1060 LET Q=EXF(999,61354)
1080 LET Q=EXF(80,61320,K3,D(0))
1090 IF V1=2 THEN RETURN
1100 PRINT D(0),D(1),D(2)
1120 LET C1=C1+1
1140 IF C1=30 THEN GOTO 1008
1160 LET V2=EXF(88,177562,2)
1180 IF V2=1 THEN LET Q=EXF(85,167772,400,0,0) :LET Q=EXF(1) :RETURN
1200 GOTO 1060
1500 REM ROUTINE TO COLLECT LIGHT SIGNALS
1505 PRINT "INPUT THE NUMBER OF DESIRED SHOTS";:INPUT N1
1510 LET Q=EXF(9,61314,0,61344,4) :LET Q=EXF(85,167772,400,1,1)
1520 LET Q=EXF(999,61354) :LET Q=EXF(999,61354)
1530 LET Q=EXF(80,61320,K3,0(0))
1535 LET Q=EXP(85,167772,400,0,0)
1540 LET Q=EXF(9,61314,1,61344,1)
1570 PRINT :PRINT "DETECTOR CMX"
1580 FOR 1=-5 TO N1-1
1600 LET Q=EXF(999,61354)
1610 IF I<0 THEN GOTO 1640
1620 LET Q=EXF(80,61320,K2,R(I,O))
1630 PRINT R(I,0),R(I,1)
1640 NEXT I
1650 LET D1=D(0)
1660 LET Q=EXF(25,R(0,0),K1-D1,N1)
1680 LET D1=D(1)
1700 LET Q=EXF(25,R(0,1),K1-01,N1)
1710 GOSUB 2000
1720 LET Q=EXF(25,R(0,0),K1/R(0,1),K1,N1)
1740 LET S1(0)=0
1760 LET Q=EXF(25,S1(0),KO+R(0,0),K1,N1)
1780 LET S1(0)=S1(0)/N1
1800 LET Q=EXF(25,R(0,0),K1 *R(0,0),K1,N1)
1820 LET S1(1)=0
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1840 LET Q=EXF(25,S1(1),KO+R(0,0),K1,N1)
1860 LET S2=SORNS1(1)-N1*S1(0)*S1(0))/(N1-1))
1880 LET R1=S2/S1(0)
1900 LET P1 =INT(S1(0) *100 +.5) /100
1920 LET P2=INT(R1*1000+.5)/10
1940 PRINT "AVERAGE IN RATIO = " ;Pi ; "RSD IN AVERAGE=";P2;"%"
1960 LET Q=EXF(1)
1980 RETURN
2000 REM ROUTINE TO PLOT DETECTOR VS. LASER ENERGY
2020 LET M1=EXF(25,MAX,R(0,0),K1,N1)
2040 LET M2=EXF(25,MAX,R(0,1),K1,N1)
2060 LET M1=R(M1-1,0)
2080 LET M2=R(M2-1,1)
2120 LET Q=EXF(1)
2140 LET Q=EXF(0):PRINT
2145 PRINT "DARK FOR DETECTOR=";D(0);"DARK FOR LASER=";D(1)
2150 PRINT "MAX IN DETECTOR=";Ml;"MAX FOR LASER=A;M2
2160 LET X9=800/M2
2180 LET Y9=600/M1
2200 LET X0=75 :LET Y0=50
2205 LET Q=EXF(10,X0,Y0,0):LET Q=EXF(10,X0+800,Y0,1)
2210 LET Q=EXF(10,X0,Y0,0):LET Q=EXF(10,X0,Y0+600,1)
2220 FOR I=0 TO N1-1
2240 LET Q=EXF(15,R(I,1)*X9+XO,R(I,0)*Y9+Y0,0,.)
2260 NEXT I
2270 LET Q=EXF(10,X0,Y0,0)
2280 FOR I=1 TO 100
2290 LET Q=EXF(10,X0+I*8,Y0+I*6,1)
2300 NEXT I
2310 LET Q=EXF(15,250,25,0,LASER POWER MONITOR)
2320 LET Q=EXF(14,1,12):PRINT :PRINT
2340 RETURN
2500 REM MICROPROBE DATA COLLECTION ROUTINE
2510 PRINT "SET ALL BITS IN SWITCH REGISTER TO ZERO ";:INPUT Q
2520 PRINT "SET VARIABLES";:INPUT V5
2540 IF V5<>1 THEN 2660
2560 PRINT "INPUT CURRENT ETALON AND 13/. FILTER SETTING";:INPUT W3,W4
2580 PRINT "INPUT CMX ABSORBER AND SYNERGETICS ABSORBER";:INPUT A2,A3
2600 PRINT "INPUT CHAMBER PRESSURE (TORR)";:INPUT P3
2620 PRINT "INPUT STAGE POSITIONS X,Y,Z";:INPUT X1,Y1,Z1
2630 PRINT "INPUT DELAY 28";:INPUT B2
2660 GOSUB 3200
2680 GOSUB 3800
2700 GOSUB 5400
2720 LET Q=EXF(9,61312,1,61326,0,61316,1,61314,0)
2740 LET Q=EXF(98,61306,63000,61310,63000)
2750 PRINT "INPUT THE TIME BETWEEN LASER SHOTS (SEC)";:INPUT T1
2760 LET T1=T1*60
2780 LET C1=0 :LET C2=0 :LET 0=EXF(1) :LET Q=EXF(0) :PRINT
2785 LET Q=EXF(9,172542,T1,172540,13)
2790 PRINT "BIT 0-SET-SAVE DATA, BIT 1-SET-ON OFF WAVL."
2795 PRINT "BIT 2-SET-AUTO STAGE, BIT 3-SET-AUTO DELAY"
2800 PRINT
2810 IF Z3=1 THEN PRINT "STAGE POSITIONS X,Y,Z= ";:PRINT X2;Y2;Z2
2815 IF V7=1 THEN PRINT "DELAY 2B=";:PRINT B2
2820 LET Q=EXF(999,60000)
2830 LET C1=C1+1 :LET C2=C2+1
2840 LET Q=EXF(80,61310,1,A)
2860 LET Al=(A-26112)/2
2880 LET Q=EXF(80,63000+A1,10,D(0))
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2890 LET Q9=INT(1000*(D(7)-D(1))/(D(8)-D(2))+.5)/10
2900 PRINT D(0);D(1);D(7);D(2);D(8);D(3);D(9);Q9
2930 LET Q=EXF(85,167772,10.1.0)
2935 LET Z5=EXF(88,177562,2):IF Z5=1 THEN 3020
2940 IF C2=W1 THEN GOSUB 3340
2960 IF C1=S5 THEN GOSUB 4200
2980 IF A1>=390 THEN GOTO 5800
2990 IF Z5=1 THEN 3020
3000 GOTO 2820
3020 GOSUB 3340
3040 GOSUB 5300
3060 GOSUB 5800
3070 LET Q=EXF(1):RETURN
3200 REM WAVELENGTH CONTROL
3220 PRINT "AUTO WAVL CONTROL ";:INPUT V6
3240 IF V6<>1 THEN RETURN
3260 PRINT *INPUT THE NUMBER OF SHOTS ON WAVL.--OFF WAVL. ";:INPUT WI
3280 PRINT "INPUT THE NO. OF STEPS FINE (+/-) OFF WAVL. ";:INPUT Si.
3290 PRINT "INPUT THE 7.0. OF STEPS COARSE OFF WAVL. ";:INPUT S8
3300 LET S2=ABS(S1)
3320 RETURN
3340 LET C2=0
3360 LET V4=EXF(88,177570,2)
3380 IF V4<>1 THEN IF Z5<>1 THEN RETURN
3400 LET Q=EXF(80,61326,1,F):IF F=0 THEN IF Z5 =1 TEEN RETURN
3440 IF Sl>0 THEN GOT03500
3460 LET Q=EXF(9,61304,2*S2,61330,32)
3480 LET Q=EXF(999,61350)
3485 LET Q=EXF(9,61304,2*S8,61330,128):LET Q=EXF(999,61350)
3490 FOR J=1 TO 10 :NEXT J
3500 LET Q=EXF(9,61304,S2,61330,64)
3520 LET Q=EXF(999,61350)
3530 LET Q=EXF(9,61304,S8,61330,16):LET Q=EXF(999,61350)
3540 LET S1=-S1
3560 IF F=0 THEN LET F=I :GOTO 3590
3580 LET F=0
3590 LET Q=EXF(9,61326,F)
3620 RETURN
3800 REM STAGE CONTROLS
3820 PRINT "AUTO STAGE CONTROL" ;:INPUT Z3
3830 IF Z3<>1 THEN RETURN
3840 PRINT "SET STAGE CONTROLS TO COMPUTER AND STOP";:INPUT
3860 IF V5<>1 THEN PRINT "INPUT STAGE POSITIONS X,Y,Z ";:INPUT X1,Y1,Z1
3870 LET X2=X1 :LET Y2=Y1 :LET Z2=Z1
3880 GOSUB 5300
3920 PRINT "INPUT THE NUMBER OF SHOTS PER STAGE POSITION";;INPUTSS
3960 PRINT "INPUT STAGE TO BE SCANNED, X(1);Y(2);Z(3)";:INPUT Z4
3970 LET S7=Z4
3980 PRINT "INPUT INITIAL AND FINAL STAGE POSITION";:INPUT S3,S6
4000 PRINT "INPUT SCAN INCREMENT ";:INPUT S4
4040 PRINT "SET STAGE TO BE SCANNED TO RUN ";:INPUT Q
4120 LET F2=1
4140 GOSUB 4260
4200 LET C1=0 :PRINT
4220 LET Q=EXF(88,177570,4)
4240 IF Q<>1 THEN GOTO 5500
4260 IF Z4=1 THEN GOTO 4600
4280 IF 24=2 THEN GOTO 4900
4300 IF Z4=3 THEN GOTO 4340
4310 GOSUB 5300
4320 RETURN
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4340 REM ROUTINE TO MOVE Z STAGE
4350 IF F2<>1 THEN GOTO 4440
4360 LET F2=0
4370 LET Z2=S3
4400 LET Q=EXF(9,167762,Z2):LET Q0EXF(85,167762,40000,1,0)
4420 GOTO 5220
4440 LET Z2=Z2+S4
4460 LET Q=EXF(9,167762,Z2):LET Q=EXF(85,167762,40000,1,0)
4480 IF Z2=S6 THEN COTO 5200
4520 GOTO 5220
4600 REM ROUTINE TO MOVE X STAGE
4620 IF F2<>1 THEN GOTO 4720
4640 LET F2=0
4660 LET X2=S3
4680 LET Q=EXF(9,167762,X2):LET Q=EXF(85,167762,140000,1,0)
4700 GOTO 5220
4720 LET X2=X2+S4
4740 LET Q=EXF(9,167762,X2):LET Q=EXF(85,167762,140000,1,0)
4760 IF X2=S6 THEN GOTO 5200
4780 GOTO 5220
4900 REM ROUTINE TO MOVE Y STAGE
4920 IF F2<>1 THEN GOTO 5020
4940 LET F2=0
4960 LET Y2=S3
4980 LET Q=EXF(9,167762,Y2):LET Q=EXF(85,167762,100000,1,0)
5000 GOTO 5220
5020 LET Y2=Y2+S4
5040 LET Q=EXF(9,167762,Y2):LET Q=EXF(85,167762,100000,1,0)
5060 IF Y2=S6 THEN GOTO 5200
5080 GOTO 5220
5200 PRINT "LAST POSITION IN SCAN":LET Z4=0
5220 PRINT "STAGE POSITIONS X,Y,Z=";:PRINT X2;Y2;Z2
5240 RETURN
5300 REM ROUTINE TO INITIALIZE SATAGES
5320 IF Z3<>1 THEN RETURN
5330 LET Q=EXF(9,167762,X1):LET Q=EXF(85,167762,140000,1,0)
5340 LET Q=EXF(9,167762,Y1):LET Q=EXF(85,167762,100000,1,0)
5360 LET Q=EXF(9,167762,Z1):LET Q=EXF(85,167762,40000,1,0)
5370 IF Z4=0 THEN LET Z5=1
5380 RETURN
5400 REM ROUTINE TO DO A DELAY SCAN
5420 PRINT "AUTO DELAY SCAN";:/NPUT V7
5440 IF V7<>1 THEN RETURN
5460 PRINT "INPUT INITIAL, FINIAL, INC. ";:INPUT 82,02,D3
5470 LET 133=B2
5480 PRINT "INPUT THE NUMBER OF SHOTS AT A DELAY SETTING";;INPUT S5
5500 LET Q=EXF(88,177570,10)
5520 IF Q<>1 THEN RETURN
5540 IF 113=D2 THEN LET Z5=1 :RETURN
5560 LET B3=133+03
5580 IF B3>.999*D2 THEN PRINT "LAST SETTING IN SCAN"
5600 PRINT "DELAY 2B=";133
5620 RETURN
5800 REM ROUTINE TO PUNCH A DATA TAPE
5820 PRINT "SAVE DATA";:INPUT V8
5840 IF V8<>1 THEN 6200
5860 PRINT "FOLLOWING DATA WILL BE SAVED ON TAPE"
5870 PRINT "NO. OF DATA PTS.";A1+10
5880 PRINT "LASER ABS, CMX, SYN";A2;A3
5900 PRINT "CHAMBER PRESSURE";P3
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5920 PRINT "TIME BETWEEN SHOTS";T1/60
5940 PRINT "ETALON, BIFILTER';W3;W4
5960 PRINT "STEPS OFF WAVL.";S1
5980 PRINT "SHOTS ON WAV. OFF WAVL. ";W1
6000 PRINT "INIT. STAGE POSIT";X1;Y1;Z1
6020 PRINT "STAGE SCANNED, X(1),Y(2),Z(3)";S7
6040 PRINT "INIT.,FINAL,INC. ON STAGE';S3;56;S4
6060 PRINT "NO. SHOTS AT STAGE POSIT OR DELAY SET.";S5
6080 PRINT "DELAY 2B: /NIT.,FINAL,INC.";82;D2;D3
6100 LET Q=EXF(68,63000,A1+10,77420)
6120 LET Q=EXF(54,A1+10,A2,A3,P3,T1/60,W3,W4,S1,W1,X1,Y1,Z1)
6140 LET Q=EXF(54,57,53,S6,S4,S5,82,D2,D3)
6160 LET Q=EXF(25,D(0)=RO,K5)
6180 LET Q=EXF(56,K5,D(0))
6200 PRINT "CONTINUE";:INPUT Z6
6210 IF Z6<>1 THEN GOTO 5300
6220 IF Z3<>1 THEN 6280
6240 PRINT "INPUT INIT,FINAL,INC';:INPUT S3,S6,S4
6260 LET Z4=S7 :LET F2=1 :GOSUB 4220
6280 IF V7<>1 THEN GOTO 6320
6300 PRINT "INPUT INIT,FINAL,INC";:INPUT 82,D2,D3:LET 83=82
6320 LET Q=EXF(9,172540,0) :GOTO 2720
6500 REM ROUTINE TO DO A WAVELENGTH FIND
6520 PRINT "TURN ON THE CROSSHAIRS";:INPUT Q
6540 LET Q=EXF(9,61312,0,61300,24) :LET P1=700 :LET P2=700
6560 LET N2=80 :LET S1=950/N2 :LET X0=25 :LET Y0=25
6580 PRINT "INPUT THE PRESENT ETALON SETTING";:INPUT EO
6590 LET E2=E0
6600 PRINT "INPUT THE ADC RANGE FOR THE OPTOGALVANIC SIGNAL"
6620 PRINT "1.25V=1, 2.5V=2, 5V=3, 10V=4";:INPUT R1
6640 LET R2=1826-R1*8 :LET Q=EXF(9,61346,R2)
6650 PRINT "INCREASE LASER REP RATE AND PREPARE TO FIRE";:INPUT Q
6660 LET Q=EXF(999,60000)
6680 LET Q=EXF(80,61306,1,A)
6700 LET Alm(A-26112)/2
6720 LET Q=EXF(80,63000+A1,N2,D(0))
6740 LET Q1=EXF(25,MAX,D(0),N2)
6760 LET M=0(01-1) :LET 52=650/M
6780 LET Q=EXF(0)
6790 GOSUB 7400
6800 LET Q=EXF(10,X0,D(0)*S2+Y0,0)
6820 FOR I=0 TO N2-1
6840 LET Q=EXF(10,I*S1+XO,D(I)*S2+Y0,1)
6860 NEXT I
6880 LET Q=EXF(15,P1,P2,0,MAX IN SIGNAL=):PRINT M
6900 LET P2=P2-20
6920 LET Q=EXF(15,P1,P2,0,ADC RANGE=):PRINT 1.25*2"(R1-1)
6940 LET P2=P2-20
6960 LET Q3=EXF(11)
6980 IF Q3=88 THEN GOSUB 7060
7000 IF Q3=77 THEN GOSUB 7060
7020 IF Q3=48 THEN LET Q=EXF(9,176770,0) :RETURN
7040 GOTO 6960
7060 LET X=EXF(12)
7080 LET X=(X-X0)/S1
7100 LET E1=E0-X/200
7120 PRINT "E1 =";INT(1000*E1+.5)/1000
7140 IF 03=88 THEN RETURN
7160 LET X4=INT((E2-E1)*200+.5) :LET E2=E1
7175 IF X4<0 THEN LET X4=-X4 :LET P5=32 :GOTO 7200
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7180 LET P5=64
7200 LET Q=EXF(9,61304,X4,61330,P5)
7220 LET Q=EXF(999,61350)
7240 LET Q=EXF(80,61302,1,A4)
7260 LET X4=INT(X4/A4+.5)
7280 IF P5=32 THEN LET P5=128 :GOTO 7320
7300 LET P5=16
7320 LET Q=EXF(9,61304,X4,61330,P5)
7340 LET Q=EXF(999,61350)
7360 RETURN
7400 REM AXIS PLOT
7420 LET Q=EXF(10,X0,Y0,0)
7440 LET Q=EXF(10,1024,Y0,1)
7460 LET Q=EXF(10,X0,Y0,0)
7480 LET Q=EXF(10,X0,760,1)
7500 RETURN
8000 END
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APPENDIX VII

MICROPROBE DATA ANALYSIS AND
PLOTTING PROGRAM

100 DIM V(19),D(39,9),N3(9),P(59),L(19),A(6)
160 LET K0 =0:LET Klel:LET K2=2:LET K3=3:LET K5=.5:LET K9=10
180 LET K4=400:LET K6=20:LET Z8=0:LET F2=0:LET P1=0:LET P2=700
200 GOSUB 2400
520 PRINT "TAPE IN READER";:INPUT 0
540 PRINT "SEGMENTS TO BE READ";:INPUT N1
570 LET Q=EXF(82,64436,1,0):LET C2=1:LET L(0)=26910/2
580 FOR I=1 TO N1
600 LET Q=EXF(64)
620 FOR J=0 TO 19:LET V(J)=EXF(50):NEXT J
640 PRINT 'EDIT";:INPUT Z1
670 LET N2=V(0)/K9:LET Q=EXF(80,63000,N2*K94(0,0))
700 IF Z1=1 THEN GOSUB 2000
710 LET I1 mEXP(LOG(K9)*V(1)):LET I2=EXP(LOG(K9)*V(2))
720 REM DARK CORR.
740 LET Q=EXF(25,0(0,7),X1-D(0,1),K1,N2),D(0,8),K1-D(0,2),K1,N2)
780 LET Q=EXF(25,1)(0,9),K1-D(0,3),X1,N2)
800 REM DATA GROUPS/SEGMENT
820 L=T F1=1:LET Clal:LET N3(0)=0:LET Z2=0
840 FOR Ja0 TO N2-1
860 IF D(J,0)=F1 THEN LET N3(C1)=J:LET C1=C1+1:LET F1=F1*(-1)+1
880 NEXT J
900 LET N3(C1)=J+1
1000 REM DATA GROUP MANIPS
1010 LET N6=0:LET N7=0:LET Z4=0:LET N5=0
1030 PRINT "AUTO X";:INPUT Z3
1040 FOR J=0 TO C1-1
1060 LET N4=N3(J+1)-N3(J):LET 0=EXF(25,12(N6),K3=D(N5,7),K1,N4)
1120 LET 0=EXF(25,P(N6+1),K3=D(N5,8),K1,N4),P(N6+2),K30D(N5,9),K1,N4)
1160 REM COMP. AVGS
1180 IF Z4=1 THEN LET N703
1190 LET Q=EXF(25,A(N7)=KO,K3),A(N7),KO+D(N5,7),K1,N4)
1220 LET 0=EXF(25,A(N7+1),KO+D(N5,8),K1,N4),A(N7+2),X0+D(N5,9),K1,N4)
1260 LET Q=EXF(25,A(N7)/N4,K3),A(N7)*K9,K3),A(N7)+K5,K3),INT,A(N7),K3)
1270 LET N5=N5+N4:IF Z4=1 THEN 1400
1320 LET N8=N4:LET Z4=1:LET N6=K3*N4
13 80 NEXT J
1400 REM DATA STORAGE
1420 LET Z4=0:LET Q=EXF(82,0,(N4+N8)*K3,P(0))
1480 LET 0=EXF(82,0,2*K3,A(0),K1,N8,K1,N4)
1500 REM GET X
1520 IF 23<>1 THEN PRINTINPUT X (INTEGER ONLY).;:/NPUT X :GOTO 1620
1540 LET N6- (3 -1)/2
1580 IF V(15)<>0 THEN LET Xs/NT(V(13)+N6*V(15)+K5)
1600 IF V(19)<>0 THEN LET X=INT((V(17)+N6*V(19))*K9+K5)
1620 LET Q=EXF(82,0,K1,X):LET Q=EXF(80,76502,K1,L(C2))
1645 LET L(C2)=(L(C2)-2)/2:LET C2=C2+1:LET N6=0:LET N7=0
1660 NEXT J
1680 NEXT I
1700 GOTO 2500
2000 REM EDIT
2010 PRINT "LIST";:INPUT E3 :IF E3<>1 TEEN 2080
2020 LET 0=EXF(0):LZT 0=EXF(14,1,12,12)
2040 PRINT "ENTER NEGATIVE NO. TO TERMINATE EDIT'
2060 GOSUB 2300
2080 PRINT "DELETE LINE NO.';:/NPUT E2
2100 IF E2<0 THEN 2140
2120 LET 0=EXF(25,D(E2,0),K9=KO,K9):GOTO 2080
2140 FOR J=0 TO N2-2
2160 IF D(J,9)<>0 THEN 2240
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2180 LET E1=N2-J
2200 LET Q=EXF(25,D(J,0),R9=D(J+1,0),K9,E1):LET N2=N2-1
2220 IF D(J,9)=0 THEN 2180
2240 NEXT J
2250 PRINT "PRINT FINAL ARRAY";:INPUT Z5:IF Z5<>1 THEN 2290
2260 LET Q=EXF(0):LET Q=EXF(14,1,12,12):PRINT "FINAL DATA
2280 GOSUB 2300
2290 RETURN
2300 FOR J=0 TO N2-1
2320 PRINT J;":";D(J,0);D(J,1);D(J,7);D(J,2);D(J,8);D(J0)70(J.8)
2340 NEXT J
2360 RETURN
2400 REM EQN CONTS
2410 LET Q=EXF(0)
2420 LET Q=EXF(15,P1,P2,0,INPUT X1,X2,X3):INPUT X1,X2,X3 :LET P2=P2-20
2440 LET Q=EXF(15,P1,P2,0,INPUT X4,X5,X6):/NPUT X4,X5,X6 :LET P2=P2-20
2460 LET Q=EXF(15,P1,P2,0,INPUT L1,L2,L3,L4):INPUT L1,L2,L3,L4 :LET P2=P2-20
2470 LET Q=EXF(15,P1,P2,0,INPUT A8,88):INPUT A8,88 :LET P2=P2-20
2480 RETURN
2500 REM DATA RECOVERY AND DIFFY-Q CALCS
2510 LET Q=EXF(25,D(0,0),K9=R0,K4)
2560 LET X7=X1-1:LET X8=X2+1:LET X9=X2-1:LET W1=X5-1:LET W2=X6-1
2580 LET W3=X3-1:LET W4=X4+1
2660 FOR I=0 TO C2-2
2680 LET N1=L(I+1)-3
2700 LET Q=EXF(80,2+N1,R1,N8,R1,N4):LET N2=(N8+N4+K3)*R3:LET I3=N8+N4+2
2730 LET Q=EXF(80,2+L(I),N2,P(0))
2740 LET Q=EXF(25,P(1),R3*I1,13),P(2),K3*I2,I3)
2760 LET D(I,0)=P(N2-1):LET N5=(N8+N4)*K3:LET N9=K3*N8
2800 LET Al=(P(N5)/R9)"Xl:LET A2=(P(N5+1)/R9)"X2:LET A3=(P(N5+2)/R9)"X6
2820 LET A4=(P(N5+3)/R9)"X3:LET A5=(P(N5+4)/K9)"X4
2840 LET A6=(P(N5+5)/K9)-X6:LET A7=(P(N5+1)/K9)"X5
2841 LET Q=EXF(25,D(0,6),K1=P(0),K3,N8),LOG,D(0,6),R1,N8)
2842 LET Q=EXF(25,D(20,0),K1=D(0,6),R1,N8),D(0,6),R1*X7,N8)
2843 LET Q=EXF(25,EXP,D(0,6),K1,N8),D(20,0),K1*X1,N8),EXP,D(20,0),R1,N8)
2844 LET Q=EXF(25,D(0,7),K1=P(1),K3,N8),LOG,D(0,7),K1,N8)
2845 LET Q=EXF(25,D(20,1),K1eD(0,7),K1,N8),D(0,8),K1=0(0,7),R1,N8)
2846 LET Q=EXF(25,0(20,4),K1=D(0,7),K1,N8),D(20,4),K1*X5,N8)
2847 LET Q=EXF(25,EXP,D(20,4),K1,N8)
2852 LET Q=EXF(25,D(0,9),K1=D(0,7),K1,N8),D(0,7),R1*X8,N8)
2853 LET Q=EXF(25,EXP,D(0,7),K1,N8),D(0,8),R1*X9,R1,N8)
2854 LET Q=EXF(25,EXP,D(0,8),K1,N8),D(0,9),R1*W1,N8)
2855 LET Q=EXF(25,EXP,D(0,9),R1,N8),D(20,1),K1*X2,N8)
2856 LET Q=EXF(25,EXP,D(20,1),K1,N8),D(20,7),K1=P(2),K3,N8)
2857 LET Q=EXF(25,LOG,D(20,7),R1,N8),D(20,5),R1=0(20,7),K1,N8)
2858 LET Q=EXF(25,D(20,7),R1*W2,N8),EXP,D(20,7),K1,N8)
2859 LET Q=EXF(25,D(20,5),R1*X6,N8),EXP,D(20,5),K1,N8)
2860 LET Q=EXF(25,D(20,8),R1=P(N9),K3,N4),LOG,D(20,8),R1,N4)
2861 LET Q=EXF(25,0(20,2),R1=D(20,8),R1,N4),D(20,8),K1 *W3,N4)
2862 LET Q=EXF(25,EXP,D(20,8),R1,N4),D(20,2),R1*X3,R1,N4)
2863 LET Q=EXF(25,EXP,D(20,2),K1,N4),D(20,9),K1=P(N9+1),K3,N4)
2864 LET Q=EXF(25,LOG,D(20,9),R1,N4),D(20,3),R1=0(20,9),K1,N4)
2865 LET Q=EXF(25,D(20,9),R1*W4,N4),EXP,D(20,9),K1,N4)
2866 LET Q=EXF(25,D(20,3),R1*X4,K1,N4),EXP,D(20,3),R1,N4)
2867 LET Q=EXF(25,1)(20,6),R1=P(N9+2),K3,N4),LOG,D(20,6),K1,N4)
2868 LET Q=EXF(25,D(20,6),K1*X6,N4),EXP,D(20,6),K1,N4)
2870 LET fi1 =L1*A1 *A3/A2:LET 82=L2*A4*A7*A6/A5
2900 LET H3s(A6*A4*A7/A5)%3:LET H4=(A8-138*A2)-L4
2940 LET D(I,1)=(H1-B2)/(H3*84)
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2960 REM (DY/DFLUOR"Xl)
2970 IF X1=0 THEN 3040
2975 IF L1=0 THEN 3040
2980 LET T1=X1 *L1 *A3/(H3*H4*A2)
3000 LET Q=EXF(25,D(0,3),R1=T1,N8),D(0,3),R1*D(0,6),R1,N8)
3040 REM (DY/DCMXON"X2)
3050 IF X2=0 THEN LET Q=EXF(25,D(0,4),R1=R0,R6):GOTO 3460
3060 LET T1=Al*A3:LET T2=-X2*L1 *T1:LET T3=L1 *T1
3080 LET T5=L4*A8:LET T6=L4*B8:LET T7=-X2*88:LET T8=L4-1
3100 LET Q=EXF(25,D(0,4),R1=T2,N8),0(0,4),R1/D(0,7),R1,N8)
3120 LET Q=EXF(25,D(0,4),K1/H3,N8),D(0,5),R1=D(20,1),R1,N8)
3140 LET Q=EXF(25,D(0,5),R1*B8,N8),D(0,6),K1=A8,R1,N8)
3160 LET Q=EXF(25,D(0,6),R1-0(0,5),R1,N8),LOG,D(0,6),K1,N8)
3180 LET Q=EXF(25,D(0,6),R1*L4,N8),EXP,D(0,6),R1,N8)
3190 LET Q=EXF(25,0(0,4),R1/D(0,6),R1,N8)
3200 IF L4=0 THEN 3460
3220 LET Q=EXF(25,D(0,5),R1=T3,N8),D(0,5),R1/0(20,1),R1,N8)
3240 LET O=EXF(25,D(0,5),81-H2,N8),D(0,5),K1/H3,N8)
3260 LET Q=EXF(25,D(0,6),R1*D(0,6),R1,N8),D(0,5),K1/D(0,6),K1,N8)
3270 LET Q=EXF(25,D(0,6),R1=T5,N8)
3280 LET Q=EXF(25,D(0,7),R1=0(20,1),R1,N8),D(0,7),R1*T6,N8)
3300 LET Q=EXF(25,D(0,6),R1-D(0,7),R1,N8),LOG,D(0,6),R1,N8)
3320 LET Q=EXF(25,0(0,6),R1*T8,N8),EXP,D(0,6),R1,N8)
3325 LET Q=EXF(25,D(0,5),R1*D(0,6),K1,N8)
3330 LET Q=EXF(25,D(0,5),R1*T7,N8),D(0,5),R1*D(0,8),R1,N8)
3350 LET Q=EXF(25,D(0,4),R1-1)(0,5),K1,N8)
3460 REM (DY/DCMXON"X5)
3470 IF X5=0 THEN LET Q=EXF(25,D(0,5),R1=K0,R6):GOTO 3880
3480 LET T1=A6*A4/A5:LET T2=-T1*X5*L2:LET T3=L2*T1
3500 LET T4=L3*T1:LET T5=X5*T1:LET T7=L3-1
3520 LET Q=EXF(25,D(0,5),R1=T2,N8),D(0,5),R1*D(0,9),R1,N8)
3540 LET Q=EXF(25,0(0,6),R1=T1,N8),0(0,6),R1*D(20,4),R1,N8)
3560 LET Q=EXF(25,LOG,D(0,6),R1,N8),D(0,6),R1*L3,N8),EXP,D(0,6),R1,N8)
3580 LET Q=EXF(25,D(0,5),R1/D(0,6),R1,N8),0(0,5),R1/H4,N8)
3600 IF L3=0 THEN 3880
3620 LET Q=EXF(25,D(0,7),R1=H1,N8),D(0,8),R1=T3,N8)
3640 LET Q=EXF(25,D(0,8),R1*D(20,4),R1,N8),D(0,7),R1-D(0,8),R1,N8)
3660 LET Q=EXF(25,D(0,6),R1*D(0,6),R1,N8),0(0,7),R1/D(0,6),R1,N8)
3680 LET Q=EXF(25,D(0,7),R1/34,N8),D(0,6),R1=T4,N8)
3700 LET Q=EXF(25,D(0,6),R1*D(20,4),R1,N8),LOG,D(0,6),R1,N8)
3720 LET Q=EXF(25,D(0,6),R1*T7,N8),EXP,D(0,6),R1,N8)
3740 LET Q=EXF(25,D(0,6),R1*D(0,7),R1,N8),D(0,6),R1*T5,N8)
3760 LET Q=EXF(25,1)(0,6),R1*D(0,9),R1,N8),D(0,5),R1-D(0,6),R1,N8)
3880 REM (DY/DSYNON"X6)
3890 IF X6=0 THEN LET Q=EXF(25,D(0,6),R1=R0,R6):GOTO 4040
3900 LET T1=X6*L1 *Al/A2:LET T2=A4*A7/A5
3920 LET Q=EXF(25,D(0,6),R1=T1,N8),D(0,6),R1*D(20,7),K1,N8)
3930 LET Q=EXF(25,D(0,7),R1=T2,N8),D(0,7),R1*D(20,6),R1,N8)
3935 LET Q=EXF(25,LOG,D(0,7),R1,N8),D(0,7),K1*L3,N8),EXP,D(0,7),R1,N8)
3940 LET Q=EXF(25,D(0,6),R1/0(0,7),R1,N8),D(0,6),R1/H4,N8)
4040 REM (DY/DFLUOROFF"X3)
4070 IF X3=0 THEN LET Q=EXF(25,D(0,7),X1ERO,R6):GOTO 4440
4080 LET T1=A7*A6/A5:LET T2=-X3*L2*T1:LET T3=L2*T1
4100 LET T5=T1*L3:LET T6=X3*T1:LET T7=L3-1
4120 LET Q=EXF(25,D(0,7),R1=D(20,8),R1,N4),D(0,7),R1*T2,N4)
4140 LET Q=EXF(25,D(0,7),R1/H4,N4),D(0,8),R1=T1,N4)
4160 LET Q=EXF(25,D(0,8),R1*D(20,2),R1,N4),LOG,D(0,8),R1,N4)
4180 LET Q=EXF(25,D(0,8),R1*L3,N4),EXP,D(0,8),R1,N4)
4200 LET Q=EXF(25,D(0,7),R1/D(0,8),R1,N4)
4220 IF L3=0 THEN 4440
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4240 LET Q=EXF(25,D(0,9),E1=81,N4),D(20,7),R1=T3,N4)
4260 LET Q=EXF(25,D(20,7),R1*D(20,2),K1,N4),D(0,9),K1-D(20,7),R1,N4)
4280 LET Q=EXF(25,D(0,8),K1*D(0,8),K1,N4),D(0,9),K1/D(0,8),K1,N4)
4300 LET Q=EXF(25,D(0,9),K1/H4,N4),D(0,9),K1*T6,N4)
4320 LET Q=EXF(25,D(0,9),K1*D(20,8),R1,N4),D(0,8),K1=T5,N4)
4340 LET Q=EXF(25,D(0,8),K1*D(20,2),K1,N4),LOG,D(0,8),R1,N4)
4360 LET Q=EXF(25,D(0,8),81*T7,N4),EXP,D(0,8),K1,N4)
4380 LET Q=EXF(25,D(0,9),K1*0(0,8),K1,N4),D(0,7),K1-D(0,9),K1,N4)
4440 REM (DY/DCMXOFF"X4)
4450 IF X4=0 THEN LET Q=EXF(25,D(0,8),K1=KO,K6):GOTO 4900
4460 LET T1=A4*A7*A6:LET T2=X4*L2*T1:LET T3=L3*T1
4480 LET T5=L3-1:LET T6=-X4*T1:LET T7=L2*T1
4500 LET Q=EXF(25,D(0,8),K1=T2,N4),D(0,8),R1/D(20,9),R1,N4)
4520 LET Q=EXF(25,0(0,8),81/H4,N4),D(0,9),K1=T1,N4)
4540 LET Q=EXF(25,D(0,9),R1/D(20,3),K1,N4),LOG,D(0,9),K1,N4)
4560 LET Q=EXF(25,D(0,9),81*L3,N4),EXP,0(0,9),K1,N4)
4580 LET Q=EXF(25,D(0,8),K1/D(0,9),K1,N4)
4600 IF L3=0 THEN 4900
4620 LET Q=EXF(25,0(20,7),K1=H1,N4),D(20,8),K1=T7,N4)
4640 LET CI=EXF(25,D(20,8),K1/D(20,3),K1,N4),0(20,7),K1-D(20,8),K1,N4)
4660 LET Q=EXF(254(0,9),X1*D(0,9),K1,N4),D(20,7),K1/D(0,9),K1,N4)
4680 LET Q=EXF(25,0(20,7),K1/H4,N4),D(20,7),K1*T6,N4)
4700 LET Q=EXF(25,D(20,7),K1/D(20,9),K1,N4),D(0,9),K1=T3,N4)
4720 LET Q=EXF(25,D(0,9),K1/D(20,3),R1,N4),LOG,D(0,9),K1,N4)
4740 LET Q=EXF(25,1)(0,9),K1*T5,N4),EXP,D(0,9),K1,N4)
4760 LET Q=EXF(25,1)(0,9),K1*D(20,7),K1,N4),D(0,8),K1-D(0,9),K1,N4)
4900 REM (DY/DSYNOFF"X6)
4910 IF X6=0 THEN LET Q=EXF(254(0,9),K1=K0,K6):GOTO 5300
4920 LET T1=A4*A7/A5:LET T2=-X6*L2*T1:LET T3=L2*T1:LET T4=L3*T1
4940 LET T5=L3-1 :LET T6=X6*T1:LET Q=EXF(25,D(0,9),K1=T2,N4)
4980 LET Q=EXF(25,D(20,7),K1=P(N9+2),K3,N4),LOG,D(20,7),K1,N4)
5000 LET Q=EXF(25,D(20,7),81 *W2,N4),EXP,D(20,7),K1,N4)
5020 LET Q=EXF(25,1)(0,9),R1*D(20,7),K1,N4),D(0,9),K1/H4,N4)
5040 LET Q=EXF(25,D(20,8),R1=T1,N4),D(20,8),K1*D(20,6),K1,N4)
5060 LET Q=EXF(25,LOG,D(20,8),K1,N4),D(20,8),K1*L3,N4)
5080 LET Q=EXF(25,EXP,D(20,8),K1,N4),D(0,9),K1/D(20,8),R1,N4)
5100 IF L3=0 THEN 5300
5120 LET Q=EXF(25,D(20,7),K1*T6,N4),D(20,8),R1*D(20,8),K1,N4)
5140 LET Q=EXF(25,D(20,7),K1/D(20,8),K1,N4),D(20,7),K1/H4,N4)
5160 LET Q=EXF(25,D(20,9),K1=H1,N4),D(20,8),K1=T3,N4)
5180 LET Q=EXF(25,D(20,8),K1*D(20,6),K1,N4),D(20,9),K1-D(20,8),K1,N4)
5200 LET C=EXF(25,D(20,7),K1*D(20,9),KI,N4),D(20,8),R1=T4,N4)
5220 LET Q=EXF(25,D(20,8),K1*D(20,6),K1,N4),LOG,D(20,8),K1,N4)
5240 LET O=EXF(25,D(20,8),K1*T5,N4),EXP,D(20,8),K1,N4)
5260 LET Q=EXF(25,D(20,7),K1*D(20,8),K1,N4),D(0,9),K1-0(20,7),K1,N4)
5300 REM STD DEV CALCS
5320 LET C=EXF(25,D(20,0)0(1-A1,N8),D(20,1),X1-A2,N8)
5340 LET Q=EXF(25,D(20,2),E1-A4,N4),D(20,3),K1-A5,N4)
5360 LET Q=EXF(25,D(20,4),81-A7,N8),D(20,5),K1-A3,N8)
5380 LET O=EXF(25,D(20,6),E1-A6,N4)
5400 LET L5=N8:LET J5=0:LET J6=3:GOSUB 6000
5440 LET J1=0:LET J2=1:LET J3=3:LET J4=4:GOSUB 5985
5500 LET J2=4:LET J4=5:GOSUB 5985
5560 LET J2=5:LET J4=6:GOSUB 5985
5620 LET J5=1:LET J6=4:GOSUB 6000
5660 LET L5=N4:LET J5=2:LET J6=7:GOSUB 6000
5700 LET J1=2:LET J2=3:LET J3=7:LET J4=8:GOSUB 5985
5760 LET J2=6:LET J4=9:GOSUB 5985
5820 LET J5=3:LET J6=8:GOSUB 6000
5860 LET L5=N8:LET J5=4:LET J6=5:GOSUB 6000
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5900 LET J5=5:LET J6=6:GOSUB 6000
5940 LET L5=N4:LET J5=6:LET J6=9:GOSUB 6000
5980 GOTO 6100
5985 LET Q=EXF(25,1)(20,7),K1=K2,L5),D(20,7),X1 *D(20,J1),K1,L5)
5990 LET Q=EXF(25,D(20,7),K1*D(20,J2),K1,L5),D(20,7),K1*D(0,J3),K1,L5)
5995 LET Q=EXF(25,0(20,7),X1 *D(0,J4),K1,L5):GOTO 6040
6000 LET Q=EXF(25,D(20,7),K1=D(20,J5),X1,L5),D(20,8),K1=D(0,J6),X1,L5)
6010 LET Q=EXF(25,1)(20,7),Kl*D(20,7),K1,L5),D(20,8),K1*D(20,8),K1,L5)
6020 LET Q=EXF(25,D(20,7),K1 *D(20,8),K1,L5)
6040 LET A(0)=K0
6050 LET Q=EXF(25,A(0),KO+D(20,7),K1,L5):LET D(I,2)=D(I,2)+A(0)/(L5-1)
6060 RETURN
6100 LET D(I,2)=SQR(D(I,2))
6110 NEXT I
6300 REM PLOT CNTRL
6310 IF Z8<>1 THEN LET Q=EXF(0):LET Q=EXF(14,1,12):LET P1=0 :LET P2=700
6320 LET C3=C2-1
6340 GOSUB 6800
6360 IF Z5=1 THEN GOSUB 7000
6370 IF Z8=1 THEN 6463
6380 LET P1=700:LET P2=700:LET Q=EXF(0)
6400 LET Q=EXF(15,P1,P2,0,X1,X2,X3=):PRINT X1;X2;X3;:LET P2=P2-20
6420 LET Q=EXF(15,P1,P2,0,X4,X5,X6=):PRINT X4;X5;X6;:LET P2=P2-20
6440 LET Q=EXF(15,P1,122,0,L1,L2,L2,L4=):PRINT L1;L2;L3;L4:LET P2=P2-20
6460 LET Q=EXF(15,P1,P2,0,A8,88=):PRINT A8;B8:LET P2=P2-20
6463 IF Z5<>1 THEN IF Z8=1 THEN 6470
6465 LET Q=EXF(15,21,P2,0,Y SCLR=):PRINT Kb:LET P2=P2-20
6467 LET Q=EXF(15,P1,P2,0,X SCLR=):PRINT M3:LET P2=P2-20
6470 IF 26=1 THEN GOSUB 7300
6480 GOSUB 8100
6485 LET Q=EXF(15,P1,P2,0,SAVE):INPUT E1:LET P2=P2-20
6490 IF E1=1 THEN GOSUB 7700
6500 LET Q=EXF(15,P1,P2,0,X-Y PLOT):INPUT Z9:LET P2=P2-20
6520 IF Z9<>1 THEN 6580
6540 GOSUB 6800
6550 IF Z5=1 THEN GOSUB 7000
6560 GOSUB 7900
6580 LET Q=EXF(15,121,P2,0,REPLOT):INPUT Z8:LET P2=P2-20
6600 IF Z8<>1 THEN LET Q=EXF(0):LET Q=EXF(14,1,12,12):GOTO 180
6605 LET Q=EXF(15,P1,P2,0,ERASE):INPUT E2:LET P2=P2-20
6607 IF E2=1 THEN LET Q=EXF(0):LET P2=700
6610 LET P2=P2-20:GOSUB 2420
6700 GOTO 2500
6800 REM PLOTTING VAR INPUT
6820 LET Q=EXF(15,P1,P2,0,INPUT X0,Y0):INPUT'S1,52:LET P2=P2-20
6840 LET Q=EXF(15,P1,P2,0,/NPUT X-SPC,Y-SPC):INPUT S3,S4:LET P2=P2-20
6850 LET S7=S1+53
6860 LET Q=EXF(15,P1,P2,0,A(ITO SCLR):INPUT Z5:LET P2=P2-20
6865 LET Q=EXF(15,P1,P2,0,INPUT X-ZER0):INPUT M1:LET P2=P2-20
6870 IF Z5=1 THEN 6900
6880 LET Q=EXF(15,P1,P2,0,Y-SCLR):INPUT M6:LET P2=P2-20
6883 IF M6=0 THEN GOSUB 7100
6885 LET Q=EXF(15,P1,P2,0,X-SCLR=):INPUT M3:LET P2=P2-20
6900 LET Q=EXF(15,P1,P2,0,PLOT AXIS):INPUT Z6:LET P2=P2-20
6920 LET Q=EXF(15,P1,P2,0,POINT PLOT):INPUT Z7:LET P2=P2-20
6940 RETURN
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7000 REM SCLR DETERM.
7020 LET C3=C2-1
7040 LET Q1=EXF(25,MIN,D(0,0),K1,C3):LET

M1=D(Q1-1,0)7060 LET Q2=EXF(25,MAX,D(0,0),K1,C3):LET
M2 =D(Q2 -1,0)7080 LET M3=K9*S3/(M2-M1)

7100 LET Q3=EXF(25,MAX,D(0,1),K1,C3):LET
M4=D(03-1,1)7120 LET M5=D(Q3-1,2):LET M6=K9*S4/(M4+M5)

7160 RETURN
7300 REM TER AXIS PLOT
7320 LET S5=S1/K9:LET S6=52/K9
7340 LET Q=EXF(10,51,52,0)
7360 FOR J=K1 TO K9+2
7380 LET Q=EXF(10,51+J*53,S2,1)
7400 LET Q=EXF(10,51+J*53,52-56,1)
7420 LET Q=EXF(10,S1+J*S3,S2,1)
7460 NEXT J
7480 LET Q=EXF(10,S1,S2,1)
7500 FOR J=K1 TO K9
7520 LET Q=EXF(10,51,52+J*54,1)
7540 LET Q=EXF(10,SI-S5,S2+J*S4,1)
7560 LET Q=EXF(10,S1,S2+J*S4,1)
7580 NEXT J
7600 RETURN
7700 REM DATA SAVE
7710 LET M7=INT(25000/M4)
7720 LET

Q=EXF(25,P(0),K3=D(0,0),K1,C3),P(1),K3=D(0,1),K1,C3)7740 LET
Q=EXF(25,P(1),K3*M7,C3),P(2),K3=D(0,2),K1,C3),P(2),K3*M7,C3)7760 LET Q=EXF(82,63000,K3*C3,P(0)):LET

Q=EXF(68,63000,K3*C3,77420)7800 LET
Q=EXF(54,C3,M7,X1,X2,X3,X4,X5,X6,L1,L2,L3,L4,A8,188)7820 LET Q=EXF(25,P(0)=K0,K3*K6):LET

Q=EXF(56,K3*K6,P(0))7840 RETURN
7900 REM X-Y PLOT
7920 IF F2=1 THEN 7980
7930 LET Q=EXF(21,0,0,0)
7940 LET Q=EXF(15,P1,P2,0,SET ZER0):INPUT Q:LET P2=P2-20
7950 LET Q=EXF(21,1023,1023,0)
7960 LET Q=EXF(15,P1,P2,0,SET MAX):INPUT Q:LET P2=P2-20
7970 LET F2=1
7980 IF Z6=1 THEN LET Q=EXF(20,0,51,52,S3*1.2,54)7990 LET Q=EXF(21,51,52+D(0,1)*M6,0)
8020 FOR J=0 TO C3-1
8030 LET

Q=EXF(21,S7+(D(J,0)-M1)*M3,S2+D(J,1)*M6,1)8035 LET
Q=EXF(21,S7+(D(J,0)-M1)*M3,S2+(D(J,1)+D(J,2))*M6,0)8045 LET
Q=EXF(21,57+(D(J,0)-M1)*M3,S2+(D(J,1)-D(J,2))*M6,2)8060 NEXT J

8065 IF Z7=1 THEN RETURN
8070 LET Q=EXF(21,S7,S2+D(0,1)*M6,0)
8075 FOR J=1 TO K9:NEXT J
8077 LET Q=EXF(9,172416,1)
8080 FOR J=0 TO C3-1
8085 LET

Q=EXF(21,S7+(D(J,0)-M1)*M3,52+D(J,1)*M6,3)8090 NEXT J
8095 LET Q=EXF(9,172416,0):RETURN
8100 REM TER PLOT
8105 LET Q=EXF(10,S7,52+0(0,1)*M6,0)
8110 FOR J=0 TO C3-1
8115 IF Z7=1 THEN 8125
8120 LET

Q=EXF(10,S7+(D(J,0)-M1)*M3,S2+D(J,1)*M6,1):GOTO 8140



322

8125 LET Q=EXF(15,57+(D(J,0)M1)*M3,52+D(J,1)*M6,0,.)
8130 LET Q2nEXF(10,57+(D(J,0)M1)*M3,52+(D(J,1)+D(J,2))*M6,0)
8135 LET OmmEXF(10,57+( D(J,0)M1)*M3,52+CD(J,1)D(J,2))*M6,1)
8140 NEXT J
8145 RETURN
8191 END
LET Q=EXF(98,13774,137,13776,15574,15574,12720,15576,0)
LET QEXF(98,15600,12720,15602,116000,15604,12720)
LET Q=EXF(98,15606,100007,15610,62706,15612,4,15614,207)



APPENDIX VIII

PROGRAM TO CALCULATE AND PLOT HOMOGENEOUS AND
NONHOMOGENEOUS PLUME FLUORESCENCE MODELS

100 DIM B(201),Y(201)
105 LET Q=EXF(0):LET 0=EXF(14,1)
107 LET Q=EXF(98,76734,4737,76736,74622,74622,104432,74624,137,74626,13314)
110 PRINT"INPUT PLUME RADIUS.:INPUT R
120 PRINT*INPUT NUMBER OF POINTS IN SCAN, MUST BE EVEN":/NPUTN
130 PRINT'INPUT MOLAR ABSORPT/V/TY":INPUTE1
140 PRINT"INPUT INITIAL LASER BEAM POWER":INPUTP
150 PRINT"INPUT MAXIMUM CONCENTRATION":INPUTC
160 PRINT"HOMOGENEOUS SCAN=1, NONHOMOGENEOUS SCAN=0":INPUTS
170 IF S=1 THEN GOT01210
180 REM NONHOMOGENEOUS SCAN
200 PRINT"XSCAN=1, YSCAN=0":INPUTS1
210 IF S1=1 G0T0450
220 REM NONHOMOGENEOUS YAXIS SCAN
230 LET R1=2*R/N: LET N1=R1
240 FOR I=1 TO N/2
250 LET Xim(R*R)(N1 *N1)
255 IF X=0 THEN LET X=.00000000001
260 LET X=(X)"0.5:LET E=(X*X)+(N1 *N1):LET Ems(E)"0.5:LET F=E:LET E=X*E
270 LET F=F+X: LET F=LOG(F)/2.3: LET F=N1*N1*F:LET E=E+F:LET GmLOG(N1)/2.3
280 LET G=N1*N1 *G: LET E =E G:LET E=((E*C)/(2*R))*E1*(-1):LET E=10"(E)
290 LET E=E*P:LET Y(I)=E*N1/R:LET E2=C*R/2:LET E3=(C*N1 *N1)/(2*R)
300 LET E2=(E2E3)*(E1*(-1)):LETE2=10"(E2):LET Y(I)=Y(I)*C/1000000
302 LET B(I) =Y(I)
305 LET Y(I)=Y(/)*E2
310 LET N1=N1+R1
320 NEXT I
330 LET T=1
340 FOR I=(N/2)+1 TO N
350 LET Y(I)=B(T)
360 LET T=T+1
370 NEXT I
380 LET N1=R1
390 FOR I=(N/2)+1 TO N
400 LET E2=(C*N1*N1*E1*(-1))/(2*R):LET E2=10"(E2):LET Y(I)=Y(I)*E2
410 LET E2=C*R*E1*(-1)/2: LET E2=10"(E2):LET Y(/)=Y(I)*E2
420 LET N1=N1+R1
430 NEXT I
440 GOT06990
450 REM XAXIS NONHOMOGENEOUS SCAN
460 REM NOT YET WRITTEN
1200 GOTO 6990
1210 REM HOMOGENEOUS SCANS
1220 PRINT "XSCAN=1, YSCAN=0":/NPUT S1
1230 IF S1=1 GOT02000
1235 REM HOMOGENEOUS YSCAN
1240 LET R1=2*R/N: LET N1=R1
1250 FOR I=1 TO N/2
1253 LET X=(R*R)(N1 *N1): IF X=0 THEN LET X=0.00000000001
1255 LET X=X"0.5: LET E2=X*C*E1*(-1):LET E2=10"(E2): LET Y(I)=P*E2
1260 LET Y(I)=Y(I)*C/1000000:LET B(I)=Y(/):LET E3=RNl:LET E3=E3*C*E1*(-1)
1270 LET E3=10"(E3):LET Y(I)=Y(I)*E3
1290 LET N1=N1+R1
1300 NEXT I
1410 LET T=1
1420 FOR I=(N/2)+1 TO N
1430 LET Y(I)=B(T)
1440 LET T=T+1
1450 NEXT I

323



324

1460 LET N1=R1
1470 FOR I=(N/2)+1 TO N
1480 LET E2=R+N1: LET E2=E2*C*E1*(-1):LET E2=10"(E2):LET Y(I)=Y(I)*E2
1500 LET N1=N1+R1
1510 NEXT I
1520 GOT06990
6990 PRINT"DO YOU WISH TO PLOT =1":INPUT Q
6995 IF Q=0 THEN GOT07400
7000 LET Q=EXF(0)
7010 LET Q=EXF(10,50,50,0): LET X=50:LET Y1=50
7020 FOR I=1 TO 11
7030 LET Q=EXF(10,X,Y1,1):LET Q=EXF(10,X,Y1+10,1)
7040 LET Q=EXF(10,X,Y1,0): LET X=X+50
7050 NEXT I
7060 LET X=50
7070 FOR I=1 TO 11
7080 LET Q=EXF(10,X,Y1,1): LET Q=EXF(10,X+10,Y1,1)
7090 LET Q=EXF(10,X,Y1,0): LET Y1=Y1+50
7100 NEXT I
7105 LET D=N/2
7110 FOR I=0 TO N/2-1
7120 LET B(I)=Y(D)
7130 LET D=D-1
7140 NEXT I
7150 LET B(N/2)=0
7160 FOR I= N/2+1 TO N
7170 LET B(I)=Y(I)
7180 NEXT I
7190 LET B(0)=0:LETB(N)=0
7195 LET N=N+1
7200 LET Q=EXF(25,MAX,B(0),N)
7210 LET E3=B(Q-1)
7220 LET E3=500/E3
7230 LET Q=EXF(25,B(0)*E3,N)
7240 LET X2=500/N: LET X=0
7245 LET N=N-1
7247 LET B(N)=0
7250 FOR I=0 TO N
7260 LET Q=EXF(15,X+50,B(I)+50,0,.)
7270 LET X=X+X2
7280 NEXT I
7310 LET Q=EXF(15,600,600,0,PLUME RADIUS=):PRINTR;
7320 LET Q=EXF(15,600,580,0,MOLAR ABSORPTIV/TY=):PRINTE1;
7330 LET Q=EXF(15,600,560,0,INITIAL LASER BEAM POWER=):PRINTP;
7340 LET Q=EXF(15,600,540,0,CONCENTRATION=):PRINTC:
7350 LET Q=EXF(15,600,520,0,Y-SCALER=):PRINTE3
7360 IF Sal GOTO 7375
7365 LET Q=EXF(15,600,620,0,NONHOMOGENEOUS SCAN)
7370 GOT07380
7375 LET Q=EXF(15,600,620,0,HOMOGENEOUS SCAN)
7380 IF S1=1GOT07395
7385 LET Q=EXF(15,600,640,0,Y-SCAN)
7390 GOT07400
7395 LET Q=EXF(15,600,640,0,X-SCAN)
7400 LET Q=EXF(1):LET Q=EXF(0): LET Q=EXF(14,1)
7405 PRINT"DO YOU WISH TO RECALCULATE=1":INPUT Q:IF Q=1 THEN GOT0105
7410 END


