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Effects of atmospheric pressure and composition on

the Q-switched laser plume from solid targets are investi-

gated for analytical importance. Crater diameters, amounts

of material vaporized, and velocities of materials leaving

the sample surface are measured and simple calculations

based on reversible thermodynamics are carried cut, result-

ing in calculated values identical to measured values with-

in experimental error. The concept of a breakdown thresh-

old of the atmosphere for laser pulses is used in calcula-

tions, with the breakdown threshold for air above a solid

sample estimated to be a factor of 18 less than the break-

down threshold for air alone. The difference between

breakdown thresholds is suspected to be due to emission of

electrons and ions from the sample at the focal point of
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the laser beam causing early breakdown of the atmosphere.

Measurements of relative continuum intensity at, and

0.5 mm above the sample surface show that a relatively

Constant amount of laser energy reaches the sample surface,

giving additional evidence for an atmospheric breakdown

threshold being reached. Time-integrated measurements of

continuum intensity and line intensity show that both in-

crease with laser energy, and are used to establish a cal-

ibration curve for emission analysis of Al alloys for Cu,

resulting in a detection limit of 0.001 %, estimated to be

about 2X10-11 g in the sample.

A circuit is described for high current pulsing of

commercial hollow cathode lamps, causing an increase in

intensity of several orders of magnitude. Investigation

of line broadening indicates that the hollow cathode emis-

sion line is broadened when the hollow cathode lamp is

pulsed.

Pulsed hollow cathode lamps are employed to measure

atomic absorbance in laser plumes from solid samples. It

is found that absorbance of Al cannot be measured in He or

any gas containing 02, due to lack of a high temperature

above the sample for He, poorly atomizing Al, and due to

oxidation of free Al for gases containing 02, Absorbanc,?



of Al in a laser plume from an Al sample in Ar or N2 is

found to increase with laser energy, and duration of Cu

absorbance in a laser plume from a Cu sample is found to

increase with laser energy. Both increase in absorbance

for Al and increase in duration of Cu absorbance is attri-

buted to increased duration of the laser plasma at a high

temperature as laser energy increases.

Pulsed hollow cathode lamps in conjunction with the

laser plasma are employed to establish calibration curves

for Cu in Al alloys and Mn in graphite pellets. Detection

limits for Cu are about 5x10 -5% (w/w), estimated to be

about 1x10-12 grains, and 3x10-3% (w/w) for Mn, estimated to

be an absolute detection limit of about 3x10 -11 grams.

Detection limits for Cu in Al alloys by atomic absorption

are about an order of magnitude less than for atomic emis-

sion analysis of the same samples.



INVESTIGATION OF THE EFFECTS OF ATMOSPHERIC PRESSURE AND
COMPOSITION ON Q-SWITCHED LASER PLUMES FROM METAL AND
GRAPHITE TARGETS BY SPATIOTEMPORALLY RESOLVED EMISSION

AND ATOMIC ABSORPTION MEASUREMENTS

by

Donald Edward Osten

A THESIS

submitted to

Oregon State University

in partial fulfillment of

the requirements for the

degree of

Doctor of Philosophy

June 1972



APPROVED:

Redacted for privacy

Professor of Chemistry in charge of major

Redacted for privacy

Head of Department of Chemistry

Redacted for privacy

Dean of Graduate School

Date thesis is presented

Typed by Betty Mutz for Donald. Edward Ostn



ACKNOWLEDGEMENT

The author wishes to express his gratitude to Dr.

E. H. Piepmeier for aid and support in his graduate work

at Oregon State University.

He is grateful also to Oregon State University and

the National Science Foundation for financial support

during his graduate studies.

Finally, the author wishes to express his gratitude

to his wife, Kathy, for her aid and comfort during his

graduate studies, and to his parents, Harvey and Alfreda

Osten, for their aid during his college career.



TABLE OR CONTENTS

Chapter Page

INTU(DUCTIoN 1

LI INSTRUMENTATION 6

The Laser 6

Laser Sample Access ]7
The Spectrograph-Spectrometer 19
Atmosphere Control System 24
Atomic Absorption Apparatus . . . - 27

Photoelectric Observation of Atomic
and Continuum Emission

Photoelectric Observation of Atomic
Absorption 34

III TYPICAL EXPERIMENTAL APPROACHES 37

Atomic Emission and Continuum Measure-
ments 37

Atomic Absorption Measurements 38

IV SAMPLES AND PREPARATION 39

V RESULTS AND DISCUSSION 43

Appearance of the Plume at Different
Pressures

Time-Integrated Observation of Spectra 45
Appearance of Craters 48
Measurement of Crater Diameters . . 50
Determination of the Amount of Copper

Removed from a Copper Sample by a
Laser Pulse 75

Photoelectric Observation of Atomic and
Continuum Emission 85

Analysis of Aluminum for Copper by
Integration of Copper 3248 Emission

Atomic Absorption Measurements in the
Laser Plume with a. Pulsed Hollow
Cathode Lamp 102

VI CONCLUSIONS 143

VII BIBLIOGRAPHY . . , . , 145

VIII VITA . . 9 9 1 f J 0 149



LIST OF FIGURES
. .

Figure Page

1. Laser Cavity 7

2. Variation of Laser Threshold With Flash
Lamp Delay 11

1.- Calibration of Laser Detector 13

4. Variation of Laser Energy With Capacitor
Bank Voltage 15

5. Spectrograph-Spectrometer, Entrance Optics,
Sample Chamber and Positioning System . 18

6. Spectrograph Polychroma.tor Attachment 23

7. Stabilized RCA 1P28 Photomultiplier 23

8. Wavelength Calibration of Spectrometer in
First Order 25

9. Hollow Cathode Pulser Circuit Diagraili 28

10. Peak Pulse Currents Through Hollow Cathode
Pulser Driving a Hollow Cathode Lamp and
a 10-kohm Load 31

11. Pulse Gain of Hollow Cathode Pulser Driving a
Hollow Cathbde Lamp and a 1O -kohm Load . . 32

12. Appearance of Laser Plume at Different
Pressures 44

13. Appearance of Spectra at Two Pressures and Two
Positions in the Laser Plume 46

14. Appearance of Craters in Cu at Two Pi ensures 49

15. Variation of Crater Diameters in Cu with Laser
Energy. . . 52



Figure Page

10. Spectra Obtained from a Cu Sample in Air at
Known Distances from Visual Focal Point
of Laser Focusing Lens 50

17. Variation of Crater Diameters in Cu with
Distance from Lens Focal Point 57

18. Diameter of Craters Produced in Steel and
Aluminum by Laser Pulses of Different
Energies 61

19. Variation of Crater Diameters with Thermionic
Work Function 62

20. Variation of Crater Diameters with Thermal
Conductivity 62

21. Variation of Crater Diameters with Absorp-
tivity of Metals ....... 66

Amounts of Cu Ejected at Two Pressures .
70

23. Relative Intensity at Two Heights and Pres-
sures, 3248 R and 3239 X 86

24. Relative Continuum Intensity at Two Heights
as a Function of Pressure 88

25. Peak Continuum Intensity at Two Heights 90

26. Appearance Time of Cu Emission Front at Dif-
ferent Heights and Pressures 92

27. Appearance velocity of Cu at Different
Pressures 92

28. Least Squares Best Straight Lines for Line to
Continuum Intensity Ratios 99

29. Calibration Curve for Emission Anal ysis, Cu
in Al 101

30A- Intensities of Resonance Lines from Westing-
house, Hollow Cathode Lamps at Different
D.C: Current Levels . . .. 103



Figure Page

31A-D. Pulsed. Intensities of Resonance Lines from
Westinghouse Hollow Cathode Lamps at
Different Pulse Current Levels 104

32AD. Light Pulse Intensity Gains of Resonance Lines
from Westinghouse Hollow Cathode Lamps at
Different Current Levels 105

33. Atomic Absorption for Four Elements in the
Laser Plume 115

34. Variation in Absorbance of Al (I) in Argon
with Laser Energy 120

35. Partial Energy Level Diagram for Aluminum 121

36. Calculated Linewidth of Al Lines 125

37. Change in Absorption Pulsewidth Measured at
5070T with Laser Energy .

129

38. Calibration Curve for Atomic Absorption
Analysis, Cu in Al 135

39. Depletion of Cu in Al Alloy by Successive
Laser Shots 136

40. Mn in Graphite Pellets, 4031 Absorbance 139



LIST OF TABLES

Table Page

1. Concentrations of Available Samples . . 40

2. Nominal and Actual Concentrations of Fe
and Cu in the AA Series Al Sample . 42

3. Calculation of Crater Diameters and
Amounts of Sample Vaporized . . 71

4. Values of "n" for Hollow Cathode Lines . 108



INVESTIGATION OF THE EFFECTS OF ATMOSPHER IC PRESSURE AND

COMPOSITtON ON Q-SW_LCCHED LASER FLUMES FROM METAL AND GRAPH-

ITE TARETS BY SPATIOTEMPORALLY RESOLVED EMISSION AND ATOMIC

ABSORPTION MEASUREMIANTS

INTRODUCTION

Soon after the development of the laser, the possibil-

ity of using a laser induced plasma for spectrochemical

analysis was recognized (1). Advantages of a laser induced

plasma for spectrochemical analysis are minimal sample prep-

aration including no need to place the sample in a high

vacuum, great versatility in sample form since the sample

does not have to be an electrical conductor, and the ability

of the laser to sample a. small known area on a sample sur-

face since the spot size of the laser focal point is small.

Disadvantages at present are lack or reproducibility of

spectral intensity, highly intense continuum giving a small

signal-to-background ratio in the plasma, and extensive

self-absorption of resonance lines from rim.jor and minor con-

stituents in the sample.

Many spectroanalytical methods have been developed.

around the laser pro duced plasma, most of which are included



in excellent bibliographies by Baldwin (2, 3, 4, 5, 6), Re-

sults comparable to commonly employed spectroanalytical

methods have been reported for emission analyses (7, 8, 9),

although extensive self-absorption has been Doted (9, 10).

Self-absorption as well as highly intense continuum in high

power Q-switched laser plasmas has led to the use of spark

cross-excitation of the laser plasma for larger signal-to-

background ratios on time-integrated spectra. (9, 11).

Karyakin and Kaigorodov (12), on the other hand, have used

self-absorbed time integrated spectra as an analytical tool

by measuring self-absorption linewidths produced on film by

a relatively high resolution spectrograph. Copper was deter-

mined in synthetic standards at levels of 0. - 10%, with a

calculated sensitivity of 0.001%.

Mossotti, et al. (13), and Piepmeier (14) used Q-

switched lasers to determine that for samples in air at at-

mospheric pressure, absorbing species outlasted the brief

period of light emission from the plasma, allowing atomic

absorption measurements tc be made at a time well after, the

formation of the plasma. Pulsed. continuum primary sources

were employed by Mossotti, et a.1_ (13), with multipass op-

tics leading to a. spectrometer with a 0,05R spectral band

pass, and by Pielryill wah sing:La pass optics i to a
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medium quartz spectrograph with a spectral band pass of

about 0.5R. Calibration curves were established by Mos-

sotti, et al. (13) for Cu, Ca, and. Ag in a oraphite matrix

at levels from 0.001- 0.1%, with detection limits based on a

maximum detectable iLT of 90% in the range of 0.002- 0.004%.

The calibration curves showed a noticable departure from

linearity at higher concentrations since the spectrograph

had insufficient resolving power when employed with a con-

tinuum primary source. A line primary source of narrow

spectral bandwidth and sufficient intensity could be em-

ployc,d with a. lower resolution spectrometer, as in flame

atomic absorption measurements, hopefully. giving more linear

response over a larger range of concentrations.

Pulsed. line primary sources have been employed for

atomic absorption measurements by several authors. Emission

linewidtbs in Strasheim and Human's (15) high voltage spark

primary source were the limiting factor for use in atomic

absorption measurements in a flame, with optimum results

occurring only at certain times during the lifetime of the

spark. Several authors have used pulsed hollow cathode

lamps for atomic absorption measurements, and results ob-

tained indicate little line broadening (bring pulsing, mak-

ing them usable with low resolution monochromators fo
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atomic absorption measurements in both flames (16) and hol-

low cathode plasmas (17, 18). Gains in light intensity on

pulsing a hollow cathode lamp were about two orders of

magnitude (18).

A high intensity pulsed hollow cathode lamp is a good

choice for the primary source for atomic absorption measure-

ment in transient plasmas because the pulse duration and

time synchronization are easily controllable, the intensity

is adequate to ensure a good signal-to-noise. ratio even with

a fast detector time constant, and emission linewidth of a

pulsed hollow cathode lamp is apparently small enough to

allow the use of a relatively low resolution, optically fast

spectrometer. Atomic absorption measurements made on a

transient laser plasma may be more reproducible than. emis-

sion measurements if they are made at a time well after the

initial formation of the plasma. Presumably at a later

time, temperature and. concentration are more uniform through-

out the plasma than initially. All of these factors influ-

ence atomic absorption measurements considerably, and will

be discussed in the following pages.

Other subjec of discussion in the following pages

will be processes invol ved, in production of a sample vapor



plume by the action of the laser bean on the sample.

Effects of the atmosphere on the vapor plume production

will be discussed, and simple calculations will be presen-

ted to predict amounts of sample material vaporized and

velocities of species leaving the sample surface.



6

II. INSTRUMENTATION

A. THE LASER.

The Q-switched laser employed in this investigation

consisted of a 6-inch, 3/8 -inch diameter, ground finish, 3%

Nd doped glass rod (American Optical Co., Type 0835) sur-

rounded by a 1-inch diameter sand- blasted. Pyrex tube to in-

crease pumping homogeneity. The front reflector was a two

plate sapphire resonant reflector with 66% peak. reflectiv-

ity (Laser Systems Corp., Type RR-203-66), and the rear

reflector was a total reflection 400-rps Q-switch prism

equipped_ with a magnetic pickup for timing purposes. The

rod was pumped in an ellipsoidal cavity by an FX-67B-6.5

Xenon flashlamp (E. G. & G. Corp.) with the water cooling

envelop replaced with a yellow glass tubing sharp cutoff

filter (Fish-Schurman Corp.). Figure 1 is a schematic

representation of the laser in its cavity.

1. LASER ALIGNMENT.

The operation of the laser required that all compon-

ents be critically aligned to ensure optimum performance.

Alignment was accomplished with the aid of a small (1 milli-

watt) He-Ne laser (University Laboratories, Inc., Model

230) The beam was masked with a pinhole 7 erture, with
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the resu}.tinci diffraction pattern directed by an external

mirror into the Nd laser cavity. Rectangular and angular

positions of all components of the resonant cavity were ad-

justed until the center maximum of the diffraction pattern

from the pinhole aperture passed through the center of the

rod and met the center o f t he Q-switch prism. Component

positions were further adjusted until reflections from the

front reflector and the front of the rod were superimposed

on the He-Ne laser pinhole. The reflection from the Q-

switch prism was directed back through the glass laser rod.

Best alignment was obtained when the diffraction pattern

created by the back edge of the Q-switch prism was superim-

posed on the pinhole. Alignment checks were required every

time one of the components was changed, and normally every

second month. After alignment was checked, care had to be

taken to ensure that the He-Ne laser was turned off, and

the external mirror in front of the front reflector removed.

The importance of proper alignment is best demonstrated by

an investigation carried out by Vanyukov, et al. (19),

wherein the effects of misalignment of one component of an

NA laser were examined. Typical results are that the

threshold for laser oscillation rises as the cavity becomes

further out of alignment and simultaneously the main
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oscillatory modes of operation of the laser become more

complex.

An additional critical alinment parameter for the

laser was the delay time between the pulse from the Q-

switch magnetic pickup and the firing of the flashlamp, and

its influence on the threshold of the laser. Laser thresh-

old is the minimum flashlamp energy required by the rod for

initiation of laser action by the rod in its cavity.

Threshold was measured by placing a black piece of unex-

posed and developed Polaroid film at the focal point of the

laser focusing lens. The experimental threshold was de-

fined. as the minimum flashlamp capacitor bank voltage neces-

sary to pump the laser rod sufficiently to "zap" an obser-

vable spot on the Polaroid film. The most critical param-

eter for low threshold is alignment; the second most criti-

cal is delay time between the pulse from the Q-switch mag

netic pickup and the firing of the flashlamp Minimizing

the laser threshold maximizes flashlamp life and simplifies

oscillatory modes. Ready and Hardwick (20) have demon-

strated that the threshold oa a laser varies considerably

when one of the m rrors in the resonant cavity is rota-

ted through a small angle. Since the Q ;witch prism is

always rota lq, care had to be taken to ensure that the
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prism had rotated to the right angular position when the

laser flashlamp was fired. Adjustment of the angular posi-

tion was by electronically delaying the Q-switch pickup

pulse, with laser threshold. flashiamp voltage plotted vs.

delay time in milliseconds in Figure 2. The delay adjust

was always kept at 0.64 milliseconds, the minimum of the

curve in Figure 2. The minimum of Ready and Hardwick's (20)

plot of threshold pumping energy, joules, vs. angular dis-

placement of one of the resonant cavity reflectors did not

fall at an angle of 0 minutes of arc, presumably because

deviations in the light rays passing through the resonant

cavity were produced by the laser rod. itself.. Whether the

minimum in Figure 2-corresponds to perfect alignment of the

Q-switching pristh is unknoWn, since angular position of the

rotating prism could not be determined with the same accur-

acy as flashlamo delay time.

2. LASER ENERGY CALIBRATION.

Laser energy was measured with a. photodiode circuit

described by Piepmeier (21). Calibration of the photodiode

detector was accomplished with a laser calorimeter consis-

ting of a. thermocouple attached to a platinum cup filled

with a 0.1 solution of CuSO4 in distilled water. Heat
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capacity of the Calorimeter was calculated to be 0.46±0.09

Cal/°C, corresponding to a. temperature rise of 6.4+ 0.3°C

above ambient temperature. The overall calibration was

2.0±0.4 millijoules per recorder division on a Heath

EUW-20 servo recorder. A typical calibration curve pre-

pared by comparing calorimeter output with photodiode out-

put is shown in Figure 3. Laser pulse width at half maxi-

mum was determined to be 60+ 10 nanoseconds, regardless of

total laser energy, so power would vary linearly with ener-

gy as shown in Figure 3.

3. CONTROL OF LASER OUTPUT.

The laser flashla.mp was pumped with a 1600 microfarad

capacitor bank charged to between 900 and 1000 volts. Vol-

tage was controlled by an SCR charging circuit. The vol-

tage from the capacitor bank caused a small current to flow

through a large resistor into the summing point of a Fair-

child 741 integrated circuit preamplifier driven with a

Fairchild 727 preamplifier. An adjustable reference cur-

rent flowed out of the summing point. When the two currents

were not equal, the difference current flowed through the

feedback resistor causing an error voltage at the output of

the operational amplifier. This voltage controlled a puls-
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ing circuit which drove the SCR charging circuit. Voltage

regulation was better than 0.1%. Variation of flashiamp

voltage caused a linear variation of laser energy, as shown

in Figure 4, although the total energy passing through the

flashlamp was proportional to the square of the voltage.

The rate of change of flashlamp energy at these voltages is

approximately linear, however, so laser energy varies ap-

proximately linearly with both total flashlamp energy

and capacitor bank voltage.

Reproducibility of the laser depended upon cooling

air, firing time, intencity and mode selection. Coolingalr

at a flow rate of 7 LPM was passed between the rod. and the

Pyrex tubing and then into the ellipsoidal cavity. A hori-

ontal aperture to limit the number of modes of-laser oscil-

lation was placed between the front reflector and the front

of the laser rod (Figure 1), and adjusted vertically in

front of the rod until maximum output was obtained at con-

stant flashlamp energy. Reproducibility of the laser energy

was 5% when the laser was fired at 3-minute intervals to

allow thermal e uilibrium of the laser rod between firings.

4. COMPON5 ,NT DAMAGE THRESHOLD

When high light lev_s pass through optical compolents
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of the laser the components may be damaged. Experience has

shown that the approximate threshold for component damage

with this laser occurs when the energy output is 0.1 joules

(0.1 j/60 x 10-9 sec = 1.7 x 106 watts). At output ener-

gies or powers above this level, component damage in the

form of cracking of the laser rod and chipping of the Q-

switching prism may occur. Rod and prism damage is appar-

ent due to the onset of thermal stress due to high pumping

energies employed, at high laser energies or concentration

of a large portion of the laser energy into a high energy

density "filament" in the beam.

5. LASER COOLING.

As mentioned in Section. II-A-3, best reproducibility

of the laser occurred when the delay time between laser

firings was three minutes. During this time, two separate

cooling mechanisms were at work. Water at room temperature

Was circulated through the flashlamp water jacket, then

through the metal cavity walls. The water was deionized by

Amberlite MB-3 Ion Exchange Resin (Mallinckrodt. Chemical

Works) in a column through which part of the water flowed

on each recirculation, The water was contained in a 20-

liter water bat equipe0 with a recirculating pump. Cooling
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air at room temperature was c.ircula.t=ed d through the laser

rod sheath at 7 LPM, after which the air passed into the

ellipsoidal reflector chamber and then into the atmosphere.

Air was obtained from the wall air tap, passed through two

water traps, through a glass wool filter, then through Dri-

erite (W. A. Hammond Drierite Co.) to ensure dryness.

B. LASER SAMPLE ACCESS.

1. LASER BEAM POSITIONING.

The direction of the laser beam was determined by

placing a. piece of unexposed developed Polaroid film in the

laser beam path and firing the laser. A portion of the film

would be burned by the laser beam allowing the position of

the -beam to be determined. The laser beam- was directed to

the sample by a. 90° prism. (Figure 5) adjusted so neither

face of the prism was parallel to the front reflector of

the laser cavity. The prism directed the beam downward to

a 25-mm f.l. planoconvex lens situated with its plane sur-

face downward, adjusted so its plane surface was not par-

allel to the prism face. External optical components were

kept from being parallel to minimize optical interference

fringes and. feedback into he laser cavity.
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2. SAMPLE POSITIONING AND LASER BEAM FOCUSING.

Samples were placed. in a glass atmosphere control

chamber equipped wit, quartz entrance windows for the fo-

cused laser beam, the atomic absorption primary source, and

an exit window for light from the laser plume and passage

of the atomic absorption primary source beam (Figure 5).

Samples were position ed at the laser focal point by direc-

ting a light beam through a telescope focused at infinity.

the beam was reflected by a. removable mirror into the laser

beam path, passing through the right angle prism and focus-

ing lens to the sample surface. After the light beam was

removed, the lens could be focused on the illuminated

sample surface while looking through the telescope. The

lens was focused with a calibrated micrometer, allowing

adjustment for differences between the laser wavelength and

the red light used to visually focus on the sample.

C. THE SPECTROGRAPH-SPECTROMETER.

The spectrograph - spectrometer was an f/11 1-meter

over-and-under. Czerny-Turner research instrument. The

crossed entrance slits were positioned so a point source at

the focal plane c;

(Li.ti 121 coincj. 1erL t

Frecl.rograph would have its tan-

tile horizontal slit and its
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sagittal focus coincident with the vertical entrance slit.

The grating (Bausch & Lomb, Inc., Cat. No. 35-53-15-03, Ser.

No. 697-75-8) was blazed at 30001, with 1200 grooves/mm, and

afforded a. reciprocal linear dispersion a.t the spectrograph

focal plane in the first order of 8.3 R/mm, measured on the

Cu (I) resonance lines at 3247.5 and 3274.0 R.

1. SPECTROGRAPH-SPECTROMETER ENTRANCE OPTICS.

Two 25-cm f.l. parabolic mirrors were placed in a

side-by-side configuration to focus an image of the laser

plume on the spectrograph-spectrometer entrance slit (Figure

5). The entrance slit (Hiiger P. 1497) was vertical with

bilaterally adjustable jaws. A 200-micron horizontal -slit

was located. 6-mm behind the vertical entrance slit and

could be readily removed by a lever. The tangential focus

of the plume image was located a.t the vertical entrance slit

and the saqittal focus was located at the horizontal slit.

The astigmatism of the spectrograph was therefore compensa-

ted by the astigmatism of the entrance optics, so a point

source at the plume was imaged as a. point at the focal plane

of the spectrograph. This arrangement provided maximum

light transfer and was needed to provide the spatial resolu-

tion vital to these exno.riment.
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2. SPECTROGRAPH-SPECTROMETER READOUT.

a_ PHOTOGRAPHIC READOUT.

Spectral data was obtained both photographically and

photoelectrically. Photographic readout was through Kodak

type 103-0 35-mm film, 2x10inch Kodak 103-0 glass plates,

and Polaroid type 3000 film. Kodak film and plates were

developed. for five minutes in Kodak D-19 developer, devel-

opment was stopped with a 30-second immersion in Kodak Uni-

versal Stop Rath, and film was fixed for five minutes in

Kodak Fixer, then washed for a. total of 15 minutes. Anti-

halation backing was removed from the 35-mm Kodak 103-0

film with a. 3- minute bath in Kodak Special Hardener SH-1

prior to fixing and washing. Films and plates were densi-

tometered with a National Spectrographic Laboratory Spec-

Reader modified to accept 2x10-inch plates vertically, and

tracings were recorded on a Heath model EU-20 servo recor-

der, slaved to the Spec-Reader through the recorder's 11-

pin socket for remote operation.

b. PHOTOELECTRIC READOUT.

Photoelectric readout was with RCA 1P28 photomulti-

pliers in a two channel configuration ( <lgure 6 ). The

voltage divider bias chain was c. enad with bypass
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capacitors for pulsed observations (Figure 7 ). Walters

-(22) has shown that such stiffening aids in maintaining

linear photomultipli.er response to a. light pulse over a.

longer range than possible with the same tube with no stif-

fening. Signals from the photomultipliers were sent via

RG 58/U or RG 62/U coaxial cable directly to a Tektronix

Type 555/21A/22A oscilloscope equipped with Tektronix Type

1A1 preamplifiers. Coaxial cables were terminated with a.

resistor equal to the characteristic cable impedance when

large light levels were observed at fast sweep speeds, such

as atomic emission or continuum measurements.

A wavelength calibration curve for the spectrometer

wavelength selection dial was prepared-by fully illumina-

ting the spectrometer entrance slit with light from a West-

inghouse Fe-Cu-Mn hollow cathode lamp, monitoring the sig-

nal from one of the photomultipliers by sending the-anodic

current to the summino point of a. McKee-Pederson MP-1031

chopper stabilized operational amplifier and then recording

the resulting voltage on a Heath EU-20 recorder. The spec-

trometer wavelength drive was started at a setting of 01600

and scanned to a lower number (lower wavelength). The most

intense lines in this region were identified, and the wave-

length plotted vs. dial reading in Figure 8. The slope of
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the line in Figure 8 is 90.2 0.5 (?,./1_00 divisions of the

wavelength dial. The distance between photomultiplier

slits was determined, by the difference in wavelength dial

reading for maximum response of each photomultiplier to

light of known wavelength, 8.3 divisions. This figure to-

gether with the slope of the line in Figure 8 gives a. dis-

tance between photomultiplier slits of 7.5g. which with the

reciprocal linear dispersion of the spectrograph gives a

physical separation of the slits at the focal plane of

0.9 mm.

Width of each of the photomultiplier slits was deter-

mined by monitoring a line with each of the photomultipliers

and opening or closing the spectrometer entrance slit until

the entrance slit was as large as the photomultiplier slit,

judged by a plateau maximum in photomultiplier signal being

reached. Exit slits were matched within. 10%, both being

about 300 microns.

D. ATMOSPHERE CONTROL SYSTEM.

A glass vacuum system was used to control atmospheric

pressure and composil:i_on. All stopcocks were nonvacuum and

of large bore to make Pushing of the system rapid. Stop-

cock barrels were lubricated with Apiezon N stopcock grease,

whose vapor presure is about 10- Tarr at room temperature.
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The system was evacuated with a. Welsh Duo-Seal vacuum pump,

which could evacuate the system to a pressure of 10-3 Torr.

Pressures were measured on an RGI Swivel McLeod gauge or on

a full length mercury manometer. No corrections were made

for variation of mercury density with temperature when pres-

sures were measured.

Gases used in the system were N2, Ar, 02, He and air.

Gases were dried with Drierite and passed over an activated

molecular sieve (Linde Molecular Sieve Type 4A, Code 2711,

activated in a vacuum oven at 250°C overnight) before enter-

ing the system, where the gas passed through U-tube cold

traps cooled by dry ice-isopropanol slurries in commercial

1-pint Dewar flasks. Gases passed through an additional

U-tube cold trap before entering the atmosphere control

chamber. When the atmosphere control chamber was to be

filled with a gas, the chamber and the entire system were

flushedewith.the gas at a high flow rate for about a minute.

The pressure inside the control chamber and the system were

adjusted to the final pressure desired. Experiments were

carried out after a delay time of several minutes) long

enough for the gas temperature to return to ambient. When

the atmosphere control chamber and system were properly

sealed, a pressure of 1 Torr could 1:)! maintained for as
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long as five minutes, long enough to carry out at least one

experiment.

E. ATOMIC ABSORPTION APPARATUS.

1. HOLLOW CATHODE FULSER.

The primary source for atomic absorption measurements

in the laser plume was a pulsed commercial hollow cathode

lamp. The circuit employed for pulsing the lamp is shown

in Figure 9. The high voltage pulser circuit, similar to

the circuit used by Dawson and Ellis (16), consists of a

switching tube (6BH6) and a power tube (6DQ5). Nonpulsed

(D.C.) current through the hollow cathode lamp was measured

with a milliammeter, and was controlled by adjusting the

negative bias on the grid of the 6DQ5 tube with potentiome-

ter P1. Increasing the negative bias decreased the hollow

cathode current since the 6M5 was turned off further by

larger negative voltages applied to its grid. The100-mi-

crofaxad capacitor in parallel with the milliammeter and

10-kohm load resistor served to hold the anode of the hol-

low cathode lamp at a constant voltage when the lamp was

pulsed. The 6DQ5 was turned on by a. pulse from the 6B116

switching tube. Pulse currents through the 6DQ5 tube and hol-

low cathode tlio(i were measured as a vo t a.c3 d c7,1. Oped across the
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10-ohm 6DQ5 cathode resistor. The pulse from the 6BH6

switchinq tube was positive going and nearly 300 volts in

magnitude. The 6BH6 tube was normally nearly full on and

was turned off by a -20 vol is pulse from the solid state

pulse width controlling circui t, identical to one employed

by Piepmeier (14). Transistor Q4 in the pulse width con-

trolling circuit is normally on, and is turned off by a

positive going trigger pulse passed into the base of Ql,

which brings the base of Q4 nearly to ground, turning it off

and forcing the grid of the 6BH6 tube negative. The bi-

stable consisting of Q2, Q3 and associated resistors and

capacitors is flipped by the trigger pulse from Q2 Off and

Q3 On to Q2 On and. Q3 Off, which remains the case until the

unijunction circuit consisting of Q5 and associated resis-

tors andcapacitors changes state, resetting the bistable

circuit and turning Q4 on again. The time constant for the

unijunction circuit is varied by changing potentiometer P2,

varying the time t na.t Q4. is off, and varying the width of

the pulse applied to the grid of the 6BH6 switching tube.

Pulse widths meas ed at the 613Q.5 test point were adjustable

from 10 microseccnds to 10 milliseconds by adjusting poten-

tiometer P2.

Peak. puls(2 rent was me,,,,sured the oscilloscope
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and was found to vary as shown in Figure 10 for a typical

hollow cathode lamp and a 10-kohm resistor in place of the

hollow cathode lamp. Current passing through the resister

during a. pulse did not vary with the amount of current being

passed by the 6DQ5 power tube and the resistor before the

pulse, while pulse current passing through the hollow cath-

ode lamp during a. pulse did vary with current prior to the

pulse, increasing linearly with current prior to pulsing.

A hollow cathode tube may be expected to exhibit such non-

linear behavior since it depends on a gas discharge for

conduction of current. The current gain of the pulsed hol-

low cathode lamp, which is defined as the ratio of pulsed

current to current passing through the lamp prior to a cur-

rent pulse is of interest. Figure 11 illustrates the behav-

ior of the current gain of a typical hollow cathode lamp,

compared to the current gain of a 10-kohm resistor driven

by the hollow cathode puiser at various pre-pulse currents.

Current gain of the nonlinear hollow cathode lamp is rela-

tively constant, regardless of the pre-pulse current passing

through it, while the current gain of the linear 10-kohm re-

sistor decreases rapidly increasing pre-pulse current.

Constant current gain through the hollow cathode lamp will

he compared with pul ty g,7,t_in of the lines from .the
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hollow cathode lamp, Section V-H-1.

2. HOLLOW CATHODE ENTRANCE OPTICS.

Light from the pulsed hollow cathode lamps was brought

into the laser plum region via entrance optics similar to

those employed as spectrograph entrance optics (Section II-

C-1). Two 1-meter focal length mirrors were used in an

over-and-under configuration, providing maximum light trans-

fer from the hollow cathode lamp to the laser plume and

filling the aperture of the spectrograph. Sagittal and

tangential foci of these mirrors were located at the plume

and coincided with the sagittal and tangential foci of the

spectrograph entrance optics, providing point--for-point

imaging of the hollow cathode image at the spectrograph en-

trance slit.

F. PHOTOELECTRIC OBSERVATION OF CONTINUUM AND ATOMIC
EMISSION.

A trigger signal from the E. G. & G. Corp, SGD-100

photodiod.e in the laser detector module was sent to the Ex-

ternal Trigger input of the Type 21A tirdbase of the Tek-

tronix oscilloscope, triggering the upper beam. Each time

the laser was fired, the oscilloscopc, triggered twice: once

for the firing of the flashianp and again for the firing
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of the laser. The first triggering was caused by the large

amount of electronic noise associated with the initial

triggering of the flashiamp, causing a noise spike to be

presented to the oscilloscope external trigger input, and

the second triggering was due to response of the photodiode

to the laser pulse itself. Because these triggering events

were far apart in time the double triggering of the oscil-

loscope caused few problems in gathering data.

The sweep speed for typical photoelectrically time-

resolved experiments was 0.2 microseconds per centimeter of

oscilloscope screen. The peak voltage produced across the

cable termination (cable properly terminated with impedance

matching resistor) of 50 or 100 ohms was typically 1 volt

for either a photomultiplier observing aline plus back-

ground or for a photodiode observing the laser pulse itself.

G. PHOTOELECTRIC OBSERVATION OF ATOMIC ABSORPTION.

The oscilloscope was triggered the same way as for

atomic emission measurements, but the sweep speed was much

slower (0.2 milliseconds per centimeter of oscilloscope

screen). The hollow cathode pulser was triggered with the

oscilloscope Delayed. Trigger Out, with the trigger delay

set at 1.0 divisions (0.2 microseconds) so that a baseline
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could be accurately esta lished. Since the sweep speed was

always slower than for atomic emission measurements, the

noise trigger pulse due to the fia.shlamp firing triggered

the oscilloscope, and the laser pulse occurred during the

oscilloscope sweep, after about 1.0 .milliseconds (5 centi-

meters). When the hollow cathode line emission pulse was

being observed, coaxial cables from the photomultipliers

were terminated with l00-kohm resistors for the best trade-

off between response time and signal-to-noise ratio. The

time constant Z: for coaxial cables terminated with a resis-

tor of a value larger than the nominal cable impedance is

given by (23)

(1)

where Rs = the value of the terminating resistor in ohms,

and

2/p 2)- z0 'S

Equation 2 defines the excess capacitance in the cable.

When Rs is very much larger than Z0, the characteristic

cable impedance, E . 2 reduces to

C.

Or
-0.4+4.0

(2)

(3)
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where 2 is the length of the cable in feet, and T/Z
o s

identically Ci, the capacitance per foot of cable. Typical

values of C for RG-62/U and RG-58A/U are 13.5 and 29.5

picofarads per foot, respectively, so typical time constants

for ten-foot lengths of these two cables terminated at 100-

kohms are 6.8 and 14,8 microseconds, respectively. Since

the Tektronix Type 555 oscilloscope with Type 1A1 preampli-

fiers has an input resistance of 1-megohm, and input capaci-

tance of 4.7 picofarads, the net time constant for each type

of cable terminated at the oscilloscope with a 100-kohm

resistor was 6.4 and 13.8 microseconds. The RCA 1P28 photo-

multipliers used as light detectors have a. risetime of 1 -2

nanoseconds, so the response time of the system was effec-

tively limited by the unmatched cable terminations or the

35-MHZ oscilloscope. The cable used most frequently was

RG-53A/U, and was used in all measurements reported here,

-so the time constant of the detection system for all mea-

surements except as otherwise stated was about 14 micro-

seconds.
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TYPICAL EXPERIMENTAL APPROACHES

A. ATOMIC EMISSION AND CONTINUUM MEASUREMENTS.

The sample was placed in the sample chamber (Section

II-B-2, Figure 5), and the laser and spectrograph focusedon

a. spot of the sample surface (Sections II-B-2 and II-C-1).

The desired wavelength region or emission line was brought

to the spectrograph focal plane with the use of the spec-

trograph-spectrometer wavelength calibration curve, Figure

8. If the measurements to be made were photoelectric,

triggering of the scope was ensured. by several trial fir-

ings of the flashlamp ignitor, providing a. noise pulse for

triggering (Section II-F). Scope face phosphorescence was

checked by observing the face for about one minute in total

darkness. If the scope face bad. been exposed to room light

or repetitive sweeps, phosphorescent emission could be ob-

served, for several minutes with the scope face in total

darkness. For very fast sweep rates, it was necessary to

keep the Camera shutter open with the f/stop setting at

maximum aperture and the beam intensity at maximum to record

a trace, although the Polaroid Folascope Type 410 recording

film used in these experiments had an ASA rating of 10,000.

No scope face illumination was used. After triggering of
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the scope wa.s insured, the atmosphere above the sample was

adjusted to the desired pressure with the desired gas using

the atmosphere control system (Section II-D).

B. ATOMIC ABSORPTION MEASUREMENTS.

Sample, atmosphere and wavelength were adjusted as

above and triggering of the scope insured. Scope face phos-

phorescence was a. smaller problem than above, since the

camera aperture was not at a maximum, but about f/5.6 to

f/8. The sweep rate was much lower (0.2 milliseconds per

division compared to 0.2 microseconds per division) than

the sweep rates employed for atomic emission and continuum

measurements. Scope face illumination could be used as

long as it was adjusted until it wa.s barely visible.
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IV. SAMPLI:S AND FTMPARATION

The samples used are listed in Table 1. Concentra-

tions of all minor constituents are nominal. The NBS 461

steel sample, as well as the NBS 463 steel sample, is known

for its homogeneity down to a. 1-micron spot size (24). Such

homogeneity made the sample ideal for use with a focused

laser beam, whose focal point diameter was about 50 to 100

microns.

Metal sample surfaces were either polished with 500

mesh caxborundum in glycerine on a. glass plate followed by

a final polish with ieweler's rouge to a very smooth finish,

or were left with a fine finish surface as cut by a lathe

cutoff tool. Surface finish is known to make a very great

difference to crater dimensions, so surface finish will be

indicated where it will make a difference to experimental

results.

Graphite pellets were prepared as follows: Reagent

grade oxides of Mn, Cu, Al, and Fe were individually ground

in a Mullite mortar and pestle. Ground oxide was then sha-

ken on a Wig-L-Bug for several minutes, then sufficient

oxide to contain 0.1 gram of each metal was weighed into

the mortar and the mixture reground. The finely ground mix-



TABLE 1

CONCENTRATIONS OF AVAILABLE SAMPLES

2..!,11.11121e
% Mn % Fe % Cu % Al
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C-1 1.24 1.24 1.24 1.24

C-2 0.62 0.62 0.62 0.62

C-3 0.12 0.12 0.12 0.12 Pelletized

C-4 0.062 0.062 0.062 0.062 Graphite

C-5 0.027 0,027 0.027 0.027

C-6 0.013 0.013 0.013 0.013

NBS 461 0.36 0.34 (0.005) NBS Low
Alloy Steel

AA-1 0.002 0.055 0.0015 Johnson,

AA-2 0.007 0.10 0.006 Matthey and

AA.-3 0.018 0.19 0.020
Co., Ltd.,
Spectro-

AA-4 0.07 0.76 0.065 graphic Al

AA-5 0.15 0.39 0.15
Standards

CB-0 0.046 0.059

CB-1 0.021 0.024
Johnson,

CB-2 0.013 0.011 Matthey and

CB-3 0.0038 0.0034 Co., Ltd.,
Spectro-

CB-4 0.0015 0.0029 graphic Cu

CB-5 0.0007 0.0021 Standards

CB-6 0.0003 0.0012

CB-7 0.0001 0.0004

CB-8 0.00005 0.0002
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Cure of oxides was then shaken on a Wig- L--Bug for several

minutes more, then amounts of the oxide mixture were weighed

out and mixed with sufficient graphite powder (National

Spectrographic Powder, Grade SP-1C, Lot No. Y44, Union Car-

bide Corporation) to give the percentages of each element

listed in Table 1, then the mixtures were shaken on a Wig-

L-Bug for five minutes. The pellets were then pressed in a

1/4-inch diameter pellet press at 8 - 10,000 lbs. pressure

for 5 -10 minutes. When the pellets were removed from the

press, they were broken up and shaken in a Wig-L-Bug, fol-

lowed by repressing for the same time at the same pressure.

The pellets were ready for use at this time.

The AA series Al samples were analyzed for Cu and Fe,

after experiments with these samples were completed, with

results compared. to nominal values in Table 2. The actual

concentrations of the AA-1 sample are very similar to actual

concentrations of the AA -4 samples, implying that the sam-

ples may have been confused by the manufacturer or by us.
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TABLE 2

NOMINAL AND ACTUAL CONCENTRATIONS CF FE AND CU
IN THE AA SERIES AL SAMPLES

g Cu % Fe

Sample Nominal Actual Nominal Actual

AA-1 0.0015 0.074 0.055 0.62

AA-2 0.006 0.006 0.10 0.00

AA--1 0.020 0.020 0.19 0.19

AA-4 0.065 0.075 0.76 0.68

AA-5 0.15 0.15 0.39 0.39
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V. RESULTS AND DISCUSSION

A. APPEARANCE OF THE PLUME AT DIFFERENT PRESSURES,

Figure 12 shows photographs of typical laser plumes

from Cu samples obtained by projecting an image of the laser

plume onto a ground. glass with the hollow cathode entrance

optics. A 35-mm camera equipped with a closeup lens was

focused on the image of the sample. The overall magnifica-

tion of the camera-projection system was 1.0 as determined

by the magnification of the sample by the projection system,

and the magnification of the camera with closeup lens, de-

termined by photographing a scale at the focal plane of the

projection system. The dimensions in Figure 12 were deter-

mined from the enlargement ratio employed, for producing

Figure 12. The camera. shutter was kept open during the en-

tire lifetime of the plume, and the f/stop varied to ensure

that the correct exposure was bracketed. Pressure was

varied as indicated in the caption. Characteristic features

of the plume are seen to be quite pressure dependent. At

atmospheric pressure, the plume is dense, and. the film is

exposed approximately the same throughout the image, indi-

cating that the intensity of the plume was about the same

for any region, at least over the spectral range of the
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film. As pressure was decreased, the region of the plume

at the sample surface became more intense, while the plume

region above the sample surface became less intense, demon-

strating a larger sample excitation at lower pressures.

Additional evidence for this hypothesis will be presented

later, in Section V-F,

B. TIME -INTEGRATED OBSERVATION OF SPECTRA.

The two distinct regions of the plume mentioned in

Section V-A can be clearly seen in time-integrated spectra,

Figure 13. Both regions emit a. continuum that is typical

of hot plasmas. The continuum in the upper region decreases

in intensity as the pressure is decreased, implying that

either the atmosphere absorbs more of the laser pulse at

higher pressures or that the emission intensity shifts out

of the wavelength region in which observations were made,

due to changing temperature of the plasma at different pres-

sures. Tomlinson, et a/. (25) have shown that the breakdown

thresYold of air for a focused laser pulse of 10,600 R. wave-

length is pressure dependent, so the idea that the atmos-

phere absorbs less of the laser pulse at lower pressure is

a more probable cause of decreasing emission intensity than

shifting of emission intensity to different wavelength
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regions as pressure is decreased.

The height of the region emitting characteristic Cu

radiation decreases as the pressure of the surrounding at-

mosphere is increased, due to atmospheric influences: emis-

sion quenching or molecular association decreasing the num-

ber of excited atoms, or decreased sampling resulting in

fewer excited species emitting light at distances far from

the sample surface. Self-absorption of Cu radiation. prob-

ably would not limit emission height since a cool absorbing

layer of atoms would have to be between the emitting region

and the detector to absorb light, and would indicate its

presence mostly near the sample surface, where the cooler

region would presumably be most dense. Self-absorption

should manifest itself as a reversed line rather than the

absence of an emission line (15).

Heights of the spectra 2-mm to the right of the laser

beam axis axe similar to heights on the axis. The continuum.

background at this lateral position is decreased below the

detection limit both near and above the sample surface.

Estimated line-to-background ratio for the Cu (I) 3248 R

line 2-mm off the axis was greater by a factor of 40 for

0.0015g Cu in Al, while estimated lino intensity decreased
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by a factor of 10. At the sample surface, the intensity of

the Cu 3248 R line increased, when the pressure was de-

creased while the intensity was below the detection limit

2-mm off the axis.

C. APPEARANCE OF CRATERS.

The most extensive investigation of laser produced

craters in sample materials was carried out with Cu, using

a microscope at 50 power magnification. Figure 14 is a

photograph of typical laser craters in Cu, where the laser

energy was 20 millijoules. The crater produced in air at

atmospheric pressure has a diameter of 100 microns, while

the crater produced at 1 -Tarr pressure has a. diameter of

150 microns. Characteristics of the crater produced in air

at atmospheric pressure are a central zone at the focal

point of the laser beam where the beam has had the greatest

effect. Sample is removed from this region predominantly,

and close inspection of the area surrounding the central

region shows a. region of splash, where metal has left the

central region with low velocity and relatively low energy.

At 1-Tarr pressure, the crater s larger and the region of

splash is larger. The copper coming off the surface may

have the save enery and velocity, but the distance
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it can travel is greater since the pressure is lower.

Since the crater diameter is larger at l-Torr pressure than

at atmospheric pressure, we may postulate more energy

reaching the sample surface at low pressure than at high

pressure, and also that the crater diameter is not primar

ily a function of laser focal spot diameter.

It is possible that the material surrounding the cra-

ter produced in air at atmospheric pressure is at least

partially oxidized. Evidence for oxidation lies in discol-

oration of the metal surface surrounding the crater region

and slightly removed from the region of deposition of

ablated metal. Discoloration occurs when the sample is

immersed in air or oxygen, but not when the sample is im-

mersed in some gas not containing oxygen or in air below a

certain pressure.

D. MEASUREMENT OP CRATER DIAMETERS.

Crater diameters were measured with a, microscope

equipped with a microscope camera_ The magnification pre-

sented at the ground glass focusing screen was 50, deter-

mined by focusing the microscope on a ruler marked in mil-

limeters and measuring the distance between millimeter marks

on the projected on the ground glass. Craters were
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measured by placing a. transparent ruler over the crater

image on the ground glass focusing screen, taking the edge

of the central depression as the measurement point. Craters

were not exactly circular, but often ellipsoidal, so the

average of two or more axis measurements were taken to rep-

resent the average diameter. The precision of crater diam-

eter measurement was about 10% due to the rather poorly

defined edges evident in Figure 14.

Figure 15 shows crater diameters produced in copper

immersed in al at two pressures by laser pulses of varying

energy and power. Craters in copper immersed in air at

1-Torr pressure reveal a. cubic relationship to laser energy

or power on a. log-log plot of crater diameter vs. laser

energy. If the crater could be represented as a section of

a sphere whose volume would be proportional to the cube of

crater diameter, and the material removed by the laser was

completely scattered. away from the crater,- a cubic relation-

ship would be expected.

1. CALCULATION OF THRESHOLD POWER FOR ATMOSPHERIC
BREAKDOWN.

The fact that crater diameters measured in copper im-

mersed in air at atmospheric pressure are of constant size

and small compared to crater diameter C: measured in copper
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immersed in air at 1 -Tore pressure is evidence for atmos

pheric blocking of a significant portion of the laser en-

ergy, with only a relatively small and constant amount of

energy reaching the sample surface at atmospheric pressure.

The point of intersection of the two curves in Figure 15

gives values for the maximum laser energy (anti- power) passed

by air at atmospheric pressure when the laser beam is fo-

cused, 5 1 mj (8 ± 0.3x 104 watts), relaive to air at

1 -Torn pressure and for the crater diameter produced at this

energy, 100 ± 10 microns. The threshold power density in

watts/cm2 for atmospheric breakdown of air at atmospheric

pressure relative to air at 1-Torr pressure at the laser

focal point can be calculated if the focal point area is

known. A first assumption would be that the focal point

area is the area of the smallest measurable crater in Figure

15, of diameter d = 50 t 10 pra (5 It 1 x 10-3 cm),

A (d/2)2

2 t 0.7 x 10-5 en (4)

The power density for atmospheric breakdown air at at-

mospheric pressure is

point diameter in nti

4 4' 1
9 rat to

can ba calcuJ:

Tha focal
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d = f x (5)

where f = focal length in mm, of the laser focusing lens,

and -0-7: the divergence angle of the laser beam in milli-

radians. These two quantities were determined as discussed

in the next few paragraphs.

The nominal focal length of the lens for focusing the

laser beam was 25-mm, Section II-B. Since the focal length

of a. lens depends on the refractive index of the lens mater-

ial, and refractive indices vary with wavelength, the focal

length of the lens for the laser wavelength, 10,600g, was

different from the focal length of the lens for the calibra-

tion wavelength, usually the 5890g Na. doublet. From the

lensmaker's equation (27), the ratio of focal lengths for a

lens at two different wavelengths is

f2

n 2 -1
n
1

- 1
(6)

where f1 and. f2 are focal lengths at wavelengths 1 and 2

respectively, and n1 and n2 are refractive indices of the

lens at these wavelengths. If wavelength 1 is 5890 and

wavelength 2 is 10,600R, the refractive index at 10,6005 ?

may be calculated from the refractive index at 5890R by

the Hartmann interpolation formula (28);
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(7)

where n = 1.66 and (2=146, both constants for a typical

lens glass. The value of n2 = n10,600 calculated from

Eq. 7 is 1.69, which gives a focal length of the lens for a

wavelength of 1.0,600R of 24 mm in Eq. 6. Figure 16 shows

spectral evidence for variation of the focal length of the

lens with wavelength, where spectra show a. separation be-

tween an atmospheric plasma and a. sample plasma (Section

V-8). The separation increases as the lens is moved far-

ther from the sample, and decreases as the lens is brought

closer to the sample, with plasmas apparently combining

when the lens is 0.8 mm closer to the sample than when fo-

cused by eye. The focal length of the lens for light of

10,600 f wavelength would be about 24 nun relative to 25 mm

at the sodium doublet, identical to the focal length cal-

culated from Eq. 6 and 7.-

A potential problem related to changing focal length

of the lens with wavelength is variation. of crater diameters

with different lens sample distances. Crater diameters were

measured. in copper immersed in air at atmospheric pressure

and 1-Tory pressure. Results are shown in Figure 17, from

which it is apparent that crater diameters are little influ-
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FIGURE 17.
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enced by + 3% variations in lens distance from eye focus.

The lens depth-of-field for producing craters was at least

6% of the lens focal length.

The laser beam diveroence angle -0- was measured by

determining the laser beam diameter at two positions in the

beam with black Polaroid film. The beam diameter increased

from 13.5+ 0.1 mm to 14.0+0.1 mm over 28017.5 mm distance,

for a divergence angle of 1.84" 0.8 milliradians. The cal-

culated focal length of the laser focusing lens, 24 ram used

With'this divergence angle in Eq. 5 to calculate the focal

point diameter and area of the laser lens combination gives

a focal point diameter of 40+ 20 microns, and a focal point

area. of 1 + 0.8 x 10-5 cm2. The threshold power density for

onset of atmospheric blockage of the laser beam focused on

a. copper sample is then 5 x 109 watts/cm2. Accuracy of this

value is limited to an order of magnitude due to imprecise

energy and beam divergence measurements.

Threshold laser power density for breakdown of air

alone has been measured by Tomlinson, et al. (25). Thresh-

old was measured by oscilloscopic observation of a 40-nano-

second pulse from a fast photodiode monitoring 10,600 A

laser light passed by gases in an atmospheric control charo-
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her, with the light focused inside the chamber by a. 55-mm

focal length lens. Focal spot area was determined to be

3.5 x 10-5cm 2 by measuring density contours produced on ex-

tremely wide latitude photographic emulsions by the focused

laser beam. The threshold power density determined for air

9at atmospheric pressure was about 90x 10 watts/cm2 , with a

pressure dependent increase to 2 x 10 11 watts/cm2 for air at

100-Tort pressure. 9A threshold power density of 90 x 10-

watts/cm2 is about 18 times higher than our value. We may

expect that threshold power density is similarly pressure

dependent for measurements made with the laser focused on a.

sample, so no atmospheric blockage of the laser beam would

be observed at 1-Tort pressure over the laser energy range

indicated in Figure 15.

Discrepancies between measurements of threshold power

densities in the presence of a sample relative to those

measured for air alone may be explained, by thermal emission

of electrons and ions from the rapidly heating sample at the

focus of a laser beam, which has been observed by several

investigators (20, 22, 29) and has been postulated as a.

cause for lowering of atmospheric breakdown threshold. in

the presence of a sample (30).
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2. CRATER DIAMETERS IN STEEL AND ALUMINUM.

Since only a relatively small and apparently constant

amount of liaht reaches the surface of a copper sample im-

mersed in air at a.tospheric pressure, it was desired to

determine if craters were of constant diameter in other

metals immersed in gases at atmospheric pressure. Figure

18 shows crater diameters measured for steel in air and

aluminum in argon at atmospheric pressure. Argon has a

breakdown threshold. measured by Tomlinson, et al. (25)

only slightly less than that of air. In both cases, crater

diameters were relatively constant, with the apparent de-

crease in aluminum crater diameters with increasing energy

due either to the uncertainty in the measurements or to an

increase in atmospheric absorptivity with increasing laser

energy. Interestingly, crater diameters measured in alum-

inum were half again as large and crater diameters measured

in steel were over twice as large as crater diameters mea-

sured in copper. Possible parameters influencing crater

diameters in different samples are thermionic work func-

tions of the sample surfaces, thermal conductivities of the

samples and reflectivities of the sample surfaces. Figure

19 is a plot of crater. Oiameters measured in the samples at

atmospheric pressure ys. .tabulated (31) work functions of
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metal and metal oxide surfaces, and Figure 20 is a. plot of

crater diameters vs. handbook (32) values of thermal con-

ductivity constants. Both plots have negative slopes, im-

plying either an inverse relationship or a coincidental

relationship. A positive slope in a plot of crater diame-

ters vs. work functions would be expected if a-higher work

function reduced thermal emission of electrons and. thereby

increased the breakdown threshold for the atmosphere above

a sample. A positive slope in a plot of crater diameters

vs. thermal conductivity would be expected if crater produc-

tion increased with the ease with which heat travels through-

out the crater region. On the other hand, the observed

negative relationship may show that smaller craters c4.

produced in metals of higher thermal conductivity due to

lower temperatures that could be produced by the more rapid

conduction of heat away from the crater region. The prob-

lem of interpreting-the negatiVe slope in Figure Z3 may be

basically one of determining whether thermal conductivity

is fast or slow compared to the crater production mechanism.

Ready (33) has made some initial theoretical studies

using a. one-dimensional heat transfer eq ation. His re-

suits showed for a -s itched laser p pulse of a typical

shape and power denhity incident en sampjes of "erent



64

thermal conductivity, the depth of penetration of thermal

energy at a given time during or after the pulse decreases

as thermal conductivity of the sample decreases. He as-

sumed that the boiling point of the sample was raised by

the large radiation pressure of a Q-switched laser pulse

and the recoil pressure of vaporizing material. This as-

sumption depended on extrapolation of low temperature vapor

pressure data to a pressure of 10 5
atmospheres. Results

were used to calculate the depth of penetration of the

sample by a laser pulse which was focused either on the

sample surface or at varying distances below the sample

surface to vary the incident power and energy densities.

The laser used to verify predicted depths of penetration

had a focal spot area of about 10-3 cm2 , determined by mea-

suring the areas of craters produced. Energy and power

densities in experiments were about 50 j/cm2 and 109 watts/

cm2. Calculated and measured depths of penetration were

typically 2- 6 microns, with calculated depths 20- 100%

larger than measured depths. No allowance was made in pre-

dicted or measured depths for redeposition of vaporized

sample material in the crater. The atmosphere above the

sample was not considered and not specified, so we may as-

sume that it was air at atmospheric pressure. The chief
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causes of difference in calculated and measured depths were

probably the assumptions of known pulse shape and power

density and the use of crater areas as a measure of focal

point area. Change in pulse shape would occur if the at-

mosphere above the sample received enough power to reach

its breakdown threshold, and this could occur if the power

density were somewhat greater than 109 watts/cm2 . Power

density could be greater if the focal point area were some-

what smaller than the crater area. Reflection of a signif-

icant portion of the laser beam by the sample could affect

the energy- and power absorbed per unit area by the sample.

Ready (33) acknowledged the possibility of reflection as a

cause for error, but assumed. that reflection of the laser

beam occurred only during the early part of the laser pulse,

before the sample material began to vaporize, and therefore

accounted for only a small part of the total laser energy.

The relationship between crater diameters measured at

atmospheric pressure and absorption of the samples for

light of 10,600 i, (100/0 minus % reflectivity) for copper,

aluminum and iron is shown in Figure 21. A good correla-

tion, square points, is; shown between crater diameters and

absorptivitles neasured with low intensity light (34, 33),

but the correlation is better, round points, when crater
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diameters are compared to absorptivities calculated. from

reflectivities measured. by Panteleev and Yankovskii (36),

who calorimetrically measured the amount of light of

10,600. wavelength reflected by samples at the focal point

of a long laser pulse of known energy. During the course

of the laser pulse, the sample was melted. and vaporized,

which may be similar to the case discussed here.

3. CALCULATION OF CRATER DIAMETERS IN COPPER,
ALUMINUM AND IRON.

With the above idea. in mind, we will now develop a

model to predict. We will assume, regardless of the total

energy in the laser pulse, that the amount of energy that

reaches a. copper sample at atmospheric pressure is limited

to S mj as suggested above due to atmospheric blocking of

the laser beam. The total amount of energy absorbed by the

copper sample will be assumed to be rho energy passed prior

to atmospheric breakdown times the percent of laser energy

incident on a copper sample which is absorbed, 175 (36)..

If this amount of energy were added relatively slowly (com-

pared to heat transferring collision rates) to a Cu sample;

raising it to its melting point, overcoming the latent heat

of melting, raising it to its boiling point, when the

sample would slowly vaporize as sufficient heat to overcome
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the latent heat of vaporization was added, a direct calcu-

lation could. be made to determine the amount of Cu vapor-

ized, using the enthalpy of vaporization of copper from its

standard state at 298°K. Important additional assumptions

necessary to this calculation axe that negligible energy is

lost from the region of vaporization due to thermal conduc-

tion or radiation, and 'that the contribution to the en-

thalpy of vaporization by work done on expansion of the

material vaporized is work at constant pressure. The net

result of this calculation under the assumptions used would

be a. prediction of the Maximum amount of copper vaporizable

by the addition.- of energy to a. copper sample, and is sum-

marized as

W =
(A.W. Cu) x (energy absorbed)

6171°
va_p

1±.3.5 grams/mol 005 j 1. X (0.17) x (4.2 c al/j)

(8 x3_04 cal/mole)

(8)

--62.3 x 10 grans,

where W is the weight of Cu vaporized and. 417° is the
vap

enthalpy of vaporization of Cu from its standard state at

298°K. The volume of this weight of Cu is just the weight

divided by the density of Cu,
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V = W/D = 2.3x 106 grams/9.0 grams/cm3 (9)

= 2.6 x107 cm3.

If we assume that this is the maximum volume of a crater

that can be produced in copper and that the crater is hemi-

spherical, the crater volume is related to the crater di-

ameter by

V = 2/3 i1(d/2)3-.

The crater diameter corresponding to this volume is

(10)

1.0x 10 -2 cm = 100 microns, identical to the crater diam-

eter measured when the Cu sample is immersed in air at at-

mospheric pressure. Craters measured in brass by Baldwin

(37) were about 4x107 cm3 in volume, with a depth coin-

parable to their radius. Panteleev and Yankovskii's inves-

tigation of reflectivities (36) showed that reflection co-

efficients vary from 70 - 90% for Cu/Zn ratios of 8/1 to

1/1, so the particular sample used by Baldwin (37) may have

absorbed more energy from a. laser pulse than our pure Cu.

targets. Additionally, the enthalpy of formation of Zn va-

por from the element in its standard state at 298°K is 31,2

-x104 cal/mole, so if the enthalpy of formation of Zn and

Cu vapors from brass is a linear combination of the enthal-

pies of formation of vapors from the elements, the enthalpy of
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vaporization of brass should be less than the enthalpy of

formation of Cu vapor. Baldwin 's (37) vapor-liquid phase

diagram for brasses implies that the enthalpy of vaporiza-

tion of brass is lower than the enthalpy of vaporization

of Cu.

Calculations similar to those in Eqs. 8, 9, and 10

were carried out for Cu in air at 1-Torr pressure, assuming

that the atmosphere blocked. none of the laser energy, with

all of the above assumptions remaining the same. Results

for several laser energies incident on the sample surface

are listed in Table 3, and compared to measured crater di-

ameters. The difference between calculated crater diame-

ters and measured crater diameters are less than measure-

ment error for each energy. The same calculations were

carried out for Al and Fe immersed in air at atmospheric

pressure, assuming that the amount of energy passed to the

sample surface for each metal was 5 mj, the same as for Cu.

Results are compared to crater diameters measured for Al

immersed in Ar at atmospheric pressure and crater diameters

measured in steel immersed in air at atmospheric pressure,

shown in Table 3. The differ,she between calculated and

measured Al crater diameters may he attributed to the

slightly smaller breakdown thrsdhold of Ar, which allows
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TABLE 3

CALCULATION OF CRATER DIAMETERS AND AMOUNTS OF SAMPLE VAPORIZED

En -

ergy Abs.
Inci- Co
dent Pff.

(T-i)

B.P.En-
thalpy Meas.
Calc.Wt. Weight

En- Sample Sample Calc. Meas. Sample
ergy Vapor- Vapor- Crater Crater Vapor-
Abs. ized ized. Diam. Diam. ized
(mj) (pg) (cm") (-1) ;u) (ng)

Meas.
Wt.

Cale.
Wt.

(r)fl.

Crit.Pt.
Enthalpy
Calc.Wt.
Sample
Vapor-
ized.

(ng,

Cu Air,
1 atm.

5.0 17 0.05 2.3 2.6x10 -7 100 100 35 1.5 35- 45

Cu Air,
1 Torr

5.0 17 0.85 2.3 2.6x10-7 100 100 35 1.5 35-. 45

Cu Air,
1 Torr

20 17 3.4 9.2 11x10-7 160 150 100 1.1 140-180

Cu Air, 50 17 8.5 22 26 x 10 -7 220 230 200 0.9 350-450
1 Torr

Cu Air,
Torr

100 17 17 46 52x107 270 300 300 0.7 700-900

Al Argon,
1 atm.

5.0 34 1.7 2.0 11x107 160 140

Fe (461

Steel)
Air,
1 atm.

5.0 60 3.0 22 8.9x10-7 150 220 -
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1 ess 1 aser energy to reach the sample surface. Differences

between calculated and measured crater diameters for steel

are due to the use of reflectivity and enthalpy of vaporiz-

ation of iron rather than steel in calculations.

The slow time scale of vaporization of samples at the

focal point of a. Q-switched laser beam is apparently a

suitable assumption to make for calculations of crater di-

ameters. The rate of dissipation Of energy from the rec;ion

of crater formation by crater formation is undoubtedly much

. slower than the radiative dissipation rate but probably

much faster than the rate of dissipation of energy by ther-

mal conduction. The relative amounts of energy lost by

each process may be compared by calculating the amount of

heat lost from a region 0.05 cm in radius at a temperature

of 2595°K by thermal conductivity and radiation. The rate

of energy loss by thermal conduction is (38),

Q/t K LT S

d

-1where K is the thermal conductivity of copper, 0.2 3cm

o.K.sec
-1,

AT is the temperature differential from the

boiling point of copper to its initial temperature, 2870°K --

298°K over the distance 0.05 cm, the crater depth d, and S

is the area of the crater at the surface, 2 x 10 cm'. The
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value of Q/t resulting from Eq. 11 is 2.2x10 3
inj/sec. For

a vaporization time scale of 60 nanoseconds, the lifetime

of the laser pulse, to 100 microseconds, the lifetime of

detectable light emission by Cu (Section V-F), the amount

of energy lost by thermal conduction is between 1.3 x 10-4 to

2.2 x 10-1 mj, both of which are smaller than the amount of

energy presumed used for vaporization of copper, 0.85 mj.

The rate of energy lost by radiation may be approxi-

mated by assuming that the radiation distribution is ap-

proximately that of a black body radiating at an equilib-

.rium temperature of 2595°K. The radiative rate for such a

black body is given by,

Q/t = (12)

where d is the Stefan-Boltzmann constant, 5.7 x 10
s

erg cm-2

-1
°

-4sec K T is the temperature, 2870 K, of the radiating

surface of area S determined by the radius of the crater,

0.05 cm. The value of Q/t from Eq. -12 is 40 mj/sec. For

time scales between 60 nanoseconds and 100 microseconds,

the total amount of energy lost due to radiation is between

2.4x 10 -6 and 4.0x103 mj. Apparently the approxiMation

of no energy loss by thermal conduction and radiation

during the crater formation process is adequate for some
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crater formation rates. Further indications of rates of

crater formation in copper will be given later.

It is important to point cut that Ready's (33) one-

dimensional calculations left no room for crater diameters

of any size other than the size governed by the lens focal

point area, and that atmospheric breakdown was not consi-

dered as a source of error in determining the amount of

laser energy absorbed by a sample surface. It is interest-

ing to note that crater depths similar to Ready's (33) ex-

perimental and calculated values may be simply obtained by

dividing our maximum volumes of Cu, Al and steel vaporiz-

able (Table 3) by the focal point area of his laser,

10
-3

cm
2

. This calculation assumes, as does Ready's (33),

that the crater formed is cylindrical in shape. The depth

of penetration of vaporization calculated for copper at

atmospheric pressure in the absence of thermal conduc-

tion is then 2.6x107 cm3 / lo cm2 = 2.6 x 10-4 cm =

2.6 microns, while Ready's (33) calculated depth of

penetration was 3.3 microns, with a measured depth of

2,2 microns. Similar calculations carried out for Al and

steel give depths of 11 microns and 8.9 microns, while

Ready's (33) calCUlated results were 6.2 and 1.8 microns,

respectively, with measured results of 6.2 and 1.1 microns.
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Ready's (33) value for steel is for stainless steel, while

ours is for iron, which probably accounts for the large

difference in our calculated value and Ready's (33) mea-

sured value. It is entirely possible that redeposition of

vaporized material in the crater causes all calculated

values to be higher than measured values.

E. DETERMINATION OF THE AMOUNT OF COPPER REMOVED FROM A
COPPER SAMPLE BY A LASER PULSE.

In the previous section we discussed the formation of

craters in metal samples. When craters are formed, sample

material is ejected from the region of crater formation. In

this section we describe methods used to determine the

amount of a. copper sample completely vaporized from the

region of crater formation, rather than piled at the crater

edge.

The end of an 18-gauge Copper wire was polished to a

fine (10-micron) flat surface on a buffing wheel with

jeweler's rouge in glycerol as a buffing compound. The

wire was then inserted through a Teflon (trademark) sample

support 1-mm into an atmosphere control chamber equipped

with a quartz window sealed to the top of the chamber with

hpiezon W wax. The bottom of the chamber was sealed to a

ground glass plate with easily removable Apiezon Q sealing
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compound. The chainb:was clamped to an x-y positioning

assembly for poSitioning of the sample under the laser

focusing lens. Atmosphere control was made possible by

connecting the chamber sidearm to the atmosphere control

system, Section II-D.

The laser was fired one to several times at different

points on the polished end of the copper wire, after which

the wire was removed, and the chamber rinsed. with 1.0 m

of dilute nitric acid to remove any copper adhering to the

chamber walls. The resulting solution was analyzed for

copper by a. standard atomic absorption technique, aspira-

ting the solution directly into an air-acetylene flame_ The

atomic absorption primary source was a. Westinghouse Fe-Cu-

Mn hollow cathode lamp run at 10 ma current. After the

hollow cathode beam passed through the flame, the beam wa.s

split by a quartz plate beam splitter, and each segment of

the beam wa.s passed to a McKee-Ped2rson M. P. 1018 mono-

chromator equipped with an RCA 1P28 photcmui tiplior biased

at 900 volts. The Cu (I) 3248 resonance line was used

for analysis, while the second monochromator monitored the

Mn (I) 4031 .-) iesonance line as a check on the stability of

the hollow cathode lamp and. refrac-cion and scattering in

the flame, A caJibration curve was established with stan-
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dards of appropriate concentration, and error of the method

was estimated to be ± 20 nanograms for a given solution.

from the signal-to-noise ratio of the readout. If each

solution contained two shots, the error was :.10 ng per

shot.

Results obtained for copper immersed in air at 1-Torr

and atmospheric pressure are shown in Figure 22, with

selected values included in Table 3 for comparison to cal-

culated results. The amount of copper measured at atmos-

pheric pressure was relatively constant, 354...10 nanograms

over the energy range used, while the amount of copper mea-

sured increased significantly with increasing laser energy

when the pressure was I-Torr. A. linear regression analysis

of the logarithms of data coordinates gave a slope of 0.54,

implying a square root relationship between laser energy

and the amount of copper measured, if the line passes

through zero. One half of the points deviated from the

line by more than twice the 20-nanogram error expected for

the method, due either to incomplete collection or lack of

reproducibility of the sampling mechanism.

A. comparison of Figure 15 and Figure 22 illustrates

that crater diameters and measured amounts of copper vapor-

ized behave in a similar manner when laser energy and. pres-
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sure are varied. A general trend in the ratio of measured

amounts of vaporized copper to calculated amounts is shown

in Table 3, where the ratio decreases with increasing laser

energy absorbed. -Measured amounts are 0.7-1.5% of the

calculated amounts contained in the calculated. crater vol-

umes, indicating that either all laser energy absorbed. is

not used for sample vaporization, or that a large portion

of the boiling sample does not leave the sample surface and

travel to a. region where it could be collected. In order

for copper to be collected in the chamber employed, the

vapor had to travel 0.2-0.5 mm horizontally to clear the

end of the 18-gauge copper wire used as a. sample. Baldwin

(37) measured the amount of ablated sample surrounding the

-crater and found its volume to be equal to the crater vol-

ume within measurement error. The ablated material was all

within about 2 crater radii of the crater center, a dis-

tance of 120 microns, which in itself is large compared to

the mean free path of copper atoms in either air or copper

vapor at the boiling temperature of copper. The measured

amount of vapor ejected is then probably only the amount of

vapor with sufficient energy to be carried far from the

-sample surface. At low pressure, however, the mean free

path of copper atoms is not limited by the presc-lee of air,
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so the measured amount of copper may represent the amount

of copper travelling with a. rarefaction wave (30, 39) caused

by the rapid absorption of energy by the initial small por-

tion of copper vaporized_ A rarefaction wave is a fluid

dynamics description of a rapidly expanding fluid that is

expanding into a low density, low energy environment such

as a. vacuum or relatively low pressure, low temperature

gas.

The basic criterion for complete vaporization of ma-

terial which has been allowed to expand from a. compressed

state is that the thermal energy, eT in the material at

the time it vaporizes must be greater than the binding en-

ergy of the material, el3,

eB. (13)

Since material must expand against a finite pressure, the

work done on expansion of the vaporizing material from its

original volume to a. large volume, Vm, is simply pressure-

volume work (39), and the total energy expended on vaporiz-

ation of the sample must be equal to the thermal energy at

the time expansion begins,

0
(14)



For expansion of slowly vaporizing samples at constant

pressure, Eq. 14 becomes

ET = p6V + FE vap

81

(15)

which is identical to the approyim;ltion used in Eqs. 8, 9,

and. 10 for calculation of the maximum amount of material

vaporizable by a laser pulse. For expansion of material

after a. shock wave has left the material surface, the en-

thalpy of vaporization may be somewhat different from the

enthalpy for slow vaporization, Eq. 15, since the pressure

above the sample surface may increase continuously during

vaporization. If the pressure were lower than atmospheric,

the enthalpy of vaporization would be decreased, while if

the pressure were higher, the enthalpy would be increased.

An upper limit could be placed on the enthalpy of vaporiza-

tion by considering the critical point entbaipy. For in--

stance, if we assume that the incident laser beam allows

the pressure and temperature of the sample surface to in-

crease to the critical point of the sample material, the

sample would have then (by definition of the critical point)

received enough energy to vaporize completely, and a. fur-

ther increase in pressure could not prevent vaporization.'

The relationship between enthalpy and entropy at the criti-



cal point is

A.Srem
Llieirev

T

where /AS and, AH arc the reversible entropy and enrev rev

tha:lpy changes from the standard state to the critical

point, and T is the critical temperature. Entropy of a

metal at its critical point is given by (39),

d. eT pT dV

T
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(16)

where e
T

is internal energy as a function of temperature

and p
T is pressure as a function of temperature. Zel'dovich

has performed this integration (39) with the result

So Cv ln (T /T )Scr cr o-

+ (V /V )2 (T T0)cr o or

e

r- vmT
(18)

The entropy in the standard state is given by So, 8. cal/

mole/°K for copper, and T-Cr and Vcr have been estimated

by Cahill and Kirshenbaum (40) as 8900+.900 °K and 61 +

,10 cm-/ v:hile Oates and Thodos (41) have independently

esti mat ed. the eame values as 5420 °K ,;-,nd 263 cm3/mole
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Since different methods were used in each estimation, we

shall calculate a critical point entropy for each set of

critical point vaaaes. Zel'dovich (39) gives values for

Cv, the constant volume heat capacity of copper of 100 cal/

mole/0K PC), the electronic specific heat constant of cop-

per of 2.9x 10 cal/mole/°K, and the specific internal

energy of copper, eo, 1700 cal/mole/°K, The coefficient

in is about 1, and the Griineisen terms, ro and roo are

related by

r-(V) = (19)

where I-0 is about 2 for copper. Using the above values,

the entropy of copper at the critical point is 380 to 550

cal/mole/°K. If we imagine a. reversible process by which

copper is heated under the right reversible conditions to

its critical point, we may define an enthalpy change to

reach this critical point relative to the standard state by

Eq. 16. The reversible enthalpy for reaching this critical

point is 3800x103 to 4900x10 cal/mole, and may be used
. . _

.

in calculations identical to those in Eqs. 8, 9, and 10 to

calculate the amount of copper that can be brought to the

critical point when the sample is immersed in air at atmos-

pheric pressure and receives 5 mj enerav prior to atmos-
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pheric breakdown, 35-45 nanograms. The calculated result

is equal to the measured amount of copper vaporized, 35±. 10

nanograms, within experimental error. For these calcula-

tions, we have postulated a reversible expansion of copper

after it has reached its critical point, i.e., that pres-

sure above the copper changes only slowly as the copper

vaporizes. it may be that the copper very rapidly reaches

its critical point, after which the pressure keeping the

copper from expanding is suddenly released, and the copper

literally explodes from the sample surface in a rarefaction

wave (30). In this case, some of the energy would be dis-

sipated in the increased momentum of the vaporizing mater-

ial and the amount of material would be less than origin-

ally heated to the critical point.

Calculations made for copper immersed in air at 1-

Torr pressure are listed in Table 2 for comparison to mea-

sured amounts of copper vaporized. The amounts of copper

measured are consistently less than the amount calculated,

probably due to the loss of energy by thermal conduction,

or incomplete collection of the total amount of copper

vaporized. The calculated amount vaporized at 100 mj is

70Q - 900 nanograms, while the measured. amount is 300 nano-

grams, a factor of three difference.
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The crater volume calculations and vaporization cal-

culations have been made independently of each other, as

though the entire amount of energy absorbed was used only

for crater formation by melting the copper or only for

melting and vaporization of a small amount of material. The

absorbed energy in reality must be distributed in some way

between melting only and melting and vaporization. Agree-

ment between these calculations and measured, values indicate

that most of the material is melted. but not vaporized, and

that a significant fraction of laser energy may be used to

vaporize a relatively small amount of material. Further

development of a. theoretical predictive model should consi-

der not only thermal conductivity and reflection losses, but

also partial vaporization processes and the pressure of the

incident beam of photons.

F. PHOTOELECTRIC OBSERVATION OF ATOMIC AND CONTINUUM
EMISSION.

Oscilloscope tracings of photomultiplier signals from-

the Cu (I) 3248k resonance line (solid line) and from the

background at 3239 (dashed line) at two heights and two

pressures are shown in Figure 23, obtained as in. Section

Two regions near and above the surface are distin-

guishable, in keeping with discussion in Section V-B. The
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height of each observation region was 0.02 cm, as defined

by the horizontal slit in the spectrometer, Section

The continuum at 3239R, lasting for 0.2-0.3 microseconds

(about twice as long as the laser pulse) did not show any

of the long duration emission characteristic of a resonance

line, although weak Cu ion or neutral lines lie near 3239R.

_(42, 43). No lines appeared above background at 3239R on

photo plates either. The signal from the photomultiplier

a.t 3239R may therefore be treated as though it consists

entirely of continuum radiation.

Figure 24 shows how the peak intensity of the contin-

uum varies with pressure at two positions above the sample,

with laser energy constant. The pressure dependence is

large when the continuum intensity is measured at the sam-

ple surface, showing an apparent change in slope at 400-

Torr pressure, which will be discussed later in this sec-

tion and in Section V--H. The large pressure dependence is

attributable to decreasing blockage of the laser beam by

the atmosphere, allowing extensive excitation to occur a.t

the sample surface by absorption of the laser pulse. Rela-

tive continuum intensity at 0.5 mm above the sample surface

is directly proportional to pressure. Further interpreta-

tion of continuum intensity in terms of number density and
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temperature is difficult because la.tle is known about the

gradients within the plume and its optical thickness. It

may be assumed, however, that the intensity is in some nay

proportional to the energy density in the plume.

Figure 25 shows the relationship between peak con-

tinuum intensity and laser energy at the sample surface,

Curve A, and 0.5 mm above the sample surface, Curve B, at

atmospheric pressure, obtained by projecting the zero order

reflection from the spectrograph grating onto the spectro-

graph focal plane, monitoring it with one of the two photo-

multipliers at the focal plane, Section 11-C-2-b. Peak

continuum intensity is relatively constant at the sample

surface, Curve A, compared to the larger linear increase of

continuum intensity-above the sample surface, Curve B. The

.intercept of Curve B on the laser energy axis is 3 mj, in-

dicating that this much energy must be present before the

continuum. appears in the region of observation above the

sample surface. It is worthwhile to note that the thresh-

old laser energy of 3 rid corresponds within experimental

error to the threshold laser energy, 5 mj indicated by the

intercept of the crater diameter curves for high and low

pressures, Figure 14. Curve B indicates that the region of

the plume above the sample surface receives an increasing
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amount of energy as the total energy of the pulse is in-

creased. Curve A. suagests that the energy at the surface

is relatively constant. These results suggest, as do the

crater diameter data (Figure 14), that the atmospheric

)1asma isolates a large fraction of the laser beam from the

sample surface when the power density of the beam is suf-

ficiently high.

Figure 26. illustrates the relationship between ap-

pearance time of the Cu (I) 3248R emission front and height

above the sample at different pressures. Data was obtained.

from oscilloscope tracings similar to those in Figure 23.

Within experimental error the relationship between. time and

height is linear and intercepts the axes at the origin for

pressures of 100 Torr or less. The relationship between

height and time does not give a. line with intercept at the

origin for pressures of 223 Torr and 758 Torr, possibly in-

dicating that lines drawn through the points must curve

down to intercept the axes at the origin. Curving of lines

would indicate a. deceleration of copper leaving the sample

surface at higher pressures, indicating a retarding effect

of the atmosphere on the expansion of copper vapor at high-

er pressures. A. plot of the slope of each line, velocity

af the Cu emission front vs. pressure civo,, the curve shown
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in Figure 27. Velocity decreases with increasing pressure

indicating either a retarding effect of the atmosphere on

the expanding copper or that the copper has a higher aver-

age kinetic energy in the ease of lower pressures, since

it receives more of the laser energy at lower pressures.

It is important to remember in interpreting this

velocity data that the velocity is determined by emission

from atoms at an emission front and that excited atoms

leaving the sample surface may well lose energy by colli-

sions with less highly excited species, or alternatively

be too highly excited. to emit- resonance radiation at 3248

Y, If copper atoms are emitted from the sample surface by

boiling of copper from the surface alter the laser pulse

is over, the velocity of copper atoms above boiling copper

at atmospheric pressure should be comparable to the emis-

sion from velocity measured for Copper at atmospheric pres-

sure. The root-mean-square velocity of copper atoms leav-

ing a boiling copper surface at atmospheric pressure is (44),-

i

Vrms ;L.- (3kT/m ) 2 ( 20 )

(L3x (1.33 x1,0-16 e r g/ Kj'a t oxo) x 2 . B7 x 103°K))

( 63,5 (-Jr alm3/mi-,-)1( ) / (6.02 x 1023a:1:OM!: 1.01e )

1 .1 x 105 cE/se,
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which is equal to the velocity measured at atmospheric

pressure, within experimental error. Since the measured

velocity compares favorably with the velocity calculated

for copper atoms above boiling copper, a process for mater -

ial removal involving a liquid-vapor equilibrium in the

crater region of the sample may be postulated. However,

the rms velocity of copper atoms at the critical tempera-

ture of copper is only (8900 °I(/ 2870 01.0 = 1.8 times

greater than the rms velocity of copper atoms at the boil-

ing temperature of copper and is still within experimental

error of the measured velocity. -Rarefaction wave theory

(30) also gives a similar velocity. The reason why mea-

sured velocities increase with decreasing pressure may be

that collisions between copper atoms and atmospheric spe-

cies causes loss of kinetic or excitation energy of copper

atoms in the expanding wave front, resulting in appearance

times at a given height decreasing with decreasing.pres-

sure. It is also conceiable that more energy reaches the

copper atoms at lower pressure, causing a rise in energy of

the expanding vapor during the course of the-laser pulse.

In either case, collisional frequency may be calculated

from either the root-mean-square velocity of copper vapor

or the experimentally determined velocity by calculatir



the mean free path of copper atoms in air at the boiling

temperature of.. copper (44),

where

Cu

n.
1

rn .

i
2 (14- (m,./m. ) ) 2

number density of 'it-Lb species,
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vCu
(21)

zCu

collisional cross section, 20-100x10 -16cm2 (44),

mass of 'i'th species, 5x10-23 grams for air,

mCu mass of copper atoms, 1.1x10 -22 grams,

"Cu mean velocity of copper atoms,

z
Cu

collisional frequency of copper atoms

For copper in air at atmospheric pressure, both at the boil-

ing temperature of copper, with the number density of cop-

per equal to the number density of air, the mean free path

is about 0.7 - 3.6 x 10-6 cm, whereas the mean free path for

_
Copper atoms in air at 1-Torr pressure is 0.6 - 3.3 x1

9
-cm

under the same conditions, four orders of macnitude differ-

ence. The range in mean free paths in each case is intro-

duced by the difficulty of exactly determining the colli-

sional cross section of copper atoms and air molecules.

Assuming in each case that the e vl oci ty of copper
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atoms is equal to the measured appearance velocity of cop-

per, the collisional frequency is 0.28- 1.4x 1011 colli-

sions/sec. for copper in air at atmospheric pressure,

whereas the collisional frequency for copper in air at 1-

Torr pressure is 0.3- 1.7x 10 7 collisions /sec. If deactiv-

ating collisions are an approximately constant fraction of

all collisions, the velocity of the emission front measured

at low pressure would be higher than the velocity measured

at higher pressure, since fewer of the atoms with high

velocity would be deactivated. This assumes that the sane

fraction of atoms are excited. initially as they leave the

sample surface. Since collisional frequencies are roughly

proportional to initial air pressure, Eq. 21 may be approx-

imately reduced to

v
Cu 1 atm.
P, atm.

(22)

The straight line obtained by calculating velocities from

this equation is shown in Figure 27 as a dashed. line. Fail-

ure of the theoretical line to follow the experimental line

is due to lack of excited Cu (I) atoms with velocities high-

er than an upper limit near 10 7 cra/sec. An atom with a

velocity of 107cm/sec. has a. kinetic energy of 4 .5x 102 .cV,

which is about two orders of magnitude greater than the
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first ionization potential of copper, 6.8 eV, so we may ex-

pect that a large fraction of atoms with this energy are

ionized. The velocity of copper atoms at which the kinetic

energy is just equal to the first ionization potential of

copper is 1.4 x106 cm/sec, which is approximately equal to

the velocity on Figure 27 at which departure of predicted

velocities from measured velocities is first seen. Appar-

ently, increasing ionization of copper initially emitted

from the sample surface causes the experimental curve in

Figure 27 to depart from the theoretical curve at low pres-

sures, with neutral copper atoms appearing at a. later time,

after the sample surface and the plasma. have cooled. No

velocity measurements were made on copper ion lines to bear

out this hypothesis.

G. ANALYSIS OF ALUMINUM FOR COPPER BY INTEGRATION OF
COPPER 3248k EMISSION.

The Johnson, Ma they AA aluminum samples, whose com-

positions are given in Table 1, were analyzed for copper by

integration of Cu (1) 3248 1 emission plus background. at:

3248k and comparing the integral with the integrated back-

ground signal at 3239R. Integration was by RC integrators

consisting of an foot lenc ) of RG-58A/U (29.5 pf /Yoot
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coaxial cable terminated with a 236 of eak) itor at the

input to the Tektronix Type 555 oscilloscope, The integra-

tion time constant was (Section II-C),

RC = ( (8 ft) x (29.5 pi/ft) + 236 pi + 4.7 )

x 106 o ms

= 477 microseconds. (23)

The emission of light from the samples normally lasted 50-

100 microseconds. Since the RC time constant was 5-10

times the duration of the signal to be integrated, the res-

ponse of the integrators was reasonably linear, Oscillo-

scope sweep times were 20 mierceconds/division, and peak

deflections were used as the integral va:lue of signals.

Figure 28 shows linear regression lines obtained from 10 -

30 shots at each AA sample. Scatter of data, was large, so

individual data. points are not: inc?icated, for clarity. The

slopes of the lines in. Figure 28 are all 2 or greater, and

are equal to

where

Pa
+ ) 3 2

, 3239
()

,?(S + 13), 3248 = inteor at ed. si oa I + backaroundi

32.1,3

(24)



FIGURE ze.

LEAST SQUARES BEST STRAIGHT2 LINES FOR LINE TO CONTINUUM

z 60 INTEGRATED INTENSITY RATIOS
1-:

AAO AAP

AA4

AA3
40 AA2o

o
zla co 30

rz 20

10

10 20 30
'INTEGRATED CONTINUUM

INTENSITY, 3239 A



100

By 3239 = inteorated background, 3239ii_

Assuming that the integrated background at both wavelengths

are equal and the lines intersect the axes at the origin,

Eq. 24 reduces to

For a. slope in Figure 28 of 2, the integrated signal-to-

background ratio becomes

111

(25)

1 2 or = 1 (26)

As slopes increase in Figure 28, the ratio of signal-to-

background increases. Figure 29 is a plot of slopes in

Figure 28 vs. concentration of copper in the AA samples,

Table 2, with the deviation in slope rising from the large

scatter in data points mentioned earlier. The shape of the

resulting curve compares favorably to the shape of the curve

obtained by laser atomic absorption analysis of the same

samples (Section V-H-3) Flours 38. We may define a detec-

tion limit as the concentration where Si/B.: 1 for this meth-

od. We find the detection limit to be a concentration of

about 0.001, comparable to detection limits obtained by

other investiqatorS.for othr laser (mission methods (7, 8)
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H. ATOMIC ABSORPTION MEASUREMENTS IN THE LASER PLUME
WITH A PULSED HOLLOW CATHODE LAMP.

1. CHARACTER1STJCS OF THE PULSED HOLLOW CATHODE LPMP.

Operation of the hollow cathode pulses was as des-

cribed in Section ii-E. Typical nonpulsed (D.C.) photocur-

rents measured with 300 or 50 micron spectrometer slits of

atomic and ionic resonance lines of six elements in separ-

ate three--element Westinghouse hollow cathode lamps (Fe-Cu-

Mn and. Ca-Al-Mg) are plotted vs. nonpulsed (D.C.) hollow

cathode current in Figure 30A-D, and. typical peak pulse

photocurrents (see Figure 33 for typical scope traces of

photocurrents) are plotted vs. peak pulse hollow cathode

current in Figure 31A-D, Both non-pulsed and. peak pulse

photocurrents were measured by eye averaging the voltage

developed across a 100 k-ohm cable termination by photomul-

tiplier anode currents as presented on the oscilloscope

screen. The net time constant of the photocurrent measur-

ing system was 15 microseconds (Section TI-G), Due to shot

noise limitati ons, the uncertainty of each photocurrent

measurement is proportional to the square root of the photo-

current. The uncertainty or each non-pulsed hollow cathode

current measurement is 0.1-0.5 milliamp due to meter

parallax and nonlineaTity, whil the uncertainty of each
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pulsed hollow cathode current measurement is 10 milliamps

since the oscilloscope face could be read no more accur-

ately than 4- 0.1 division due to finite trace width.

In both Figures 30A-D and 31 A-D it is apparent that

intensity increases with increasing current, non-pulsed or

pulsed. The increase in photocurrent in the non-pulsed

case, Figure 30A-D, is about an order of magnitude for each

line for a doubling of hollow cathode current; while the

increase in pulse photocurrent in Figure 31 A-I) is less

since the percent change in pulse photocurrent is less.

Plots of the ratio of pulsed photocurrent to nonpulsed pho-

tocurrent (gain) vs..nonpulsed hollow cathode current for

each line, Figure 32A-D, indicate that the gain in light

intensity, pulsed/nonpulsed, decreases as the D.C. current

passing through the lamp prior to pulsing increases. A

similar plot of current aain, pulsed hollow cathode current.
nonpulsed hollow cathode current

VS. nonpulsed hollow cathode current, Figure 11, does not

show the same effect as strongly, with current gain being

relatively constant with increasing prepulse current
Plots of log photocurrent vs. log hollow cathode current

for both nonpuised and. pulsed cases oive rise to a series

of straight lines, with a. diffexent slope for each emission

line of each element investigated. Straicht-line log-lee
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plots of photocurrents and hollow cathode currents imply a

relationship between photocurrent and hollow cathode cur-

rent of (45),

i (ihc)n (27)

Values of n from Eq. 27 for pulsed and nonpulsed operation

of hollow cathodes for lines in Figures 30A-D and 31 A-D

are listed in Table 4. Values of n for lines of the Wes-

tinghouse Fe-.:u-Mn lamp are consistently higher than n

values from lines of the Westinghouse Ca-Al-Mg lamp. The

fill gas in each lamp was Neon, so n value differences

were not due to differences in gas fill, but probably due

to a different type of plasma being formed. in each lamp.

The amount of cathode material entering into the plasma

would probably be different in each lamp due to the differ-

ences in melting and boiling points of the elements, and

the ease with which they are sputtered from the cathode of

the lamps, Additionally, the elements in the Ca-Al-Mg lamp

plasma are more easily ionized than the elements in the Fe-

Cu-Mn la=) plasma, so different types of plasma with

ferinq densities of ions and neutral atoms are probably

present in each case. No strong ion linos were observed in

the Pe-Cu-Mn hollow cathode discharge.
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TABLE 4

VALUES OF "n" FOR HOLLOW CATHODE LINES

Elepnt, Line
n,
D.C. Pulse

Fe-Cu-Mn Hollow Cathode

Cu (I) 3248 X 2.5 1.6
Cu (1) 3274 A 0.6 2.0
Fe (I) 3441 X 1.8 2.1
Fe (I) 3720 1.8 3.0
Fe (I) 3859 2.0 1.3
Mn (I) 4031 X 2.3 5.4 300 micron entrance slit
Mn (I) 4033, 4034 R 1.9 5.8
Mn (I) 4031 X 2.3 5.0
Mn (I) 4033 2.0 3.8 50 micron entrance slit
Mn (I) 4034 R 1.8 4.2

MEDIAN VALUES 1.9 2.1
MEAN VALUES 1.9 3.4

Ca-Mg-Al Hollow Cathode

Ca. (I) 4227 R 0.70 0.70
Ca (II) 3968 X 0.46 1.0
Ca (II) 3933 0.80 1.5

Mg (I) 2852 R. 0.29 0.45
Al (I) 3082 0.57 0.10
Al (1) 3093 A 0.60 0.65
Al (I) 3944

. 1.0 0.33
Al (I) 3961 1.1 0.17

MEDIAN VALUES 0.70 0.65
MEAN VALUES

. 0.69 0.61
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Both the extent of sampling in the hollow cathode and

the intensity of lines in the discharge are influenced by

the temperature of the discharge. Assuming that the inten-

sities of lines as measured by photomultiplier anode cur-

rent are directly proportional to the total number of pho-

tons radiated. per second by the hollow cathode lamps, photo-

currents bear the following relationship to temperature

(45, 46) if the hollow cathode plasma. is at equilibrium:

where

00c(ihc )flocji. gA E exp(-E/kT), (28)

i
'

i
hc' and n are the same as in Eq. 27, and

P

N

u

=

=

number density of atoms of the
plasma,

partition function of all atoms
in the discharge,

element in the

of the element

gA = product of the statistical weight and transition
probability of the atom in the excited state,
sec-1

E

k

=

=

energy of the transition, eV,

Boltzmann constant, 2.21 x 10-28 eV/
o
K,

T = temperature of the discharge, °K.

If the log of each side of Eq. 28 is taken, we find that

n -E/kT (29)

If the hollow cathode dischac4es are at equilibrium in both
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pulsed and nonpulsed operation, the ratio of slopes of plots

of n vs. E/k for both pulsed and nonpulsed operation for a

given line should be inversely proportional to the ratio of

temperatures of the hollow cathode discharge for both pulsed

and nonpulsed operation. Results of such plots averaged

over the entire pulsed and nonpulsed current ranges consi-

dered here are ulsed = 0.15 for the Ca-Al-Mg hollow
Tpulsed

cathode lamp, and Tnon.pElsed 5.5 for the Fe-Cu-Mn hollow
Tpulsed

cathode lamp.

We would expect temperature (and sampling) to increase

when current is increased during a pulse, as shown by re-

sults from the Ca-Al-Mg hollow cathode lamp, but the appar-

ent decrease in temperature on pulsing the Fe-Cu-Mn-hollow

cathode lamp may be due to a departure from thermal equilib-

rium of the atomic electron excitation in the lamp during

pulsing, or a change in sampling in the lamp at higher

currents.

Although previous investigators of pulsed hollow cath-

ode lamps (15) have indicated that emission line shape does

not change appreciably when a lamp is pulsed, line shape

does change for at least one of the lines investigated here,

as evidenced by absorption measurements in an air-acetylene

flame. A 50 ppm solution of Cu in 1/1 water-methanol was



aspirated. into the flame; and absorption of Cu (1)3248g.

resonance radiation measured for both pulsed and nonpulsed

operation of the Fe-Cu-Mn hollow cathode lamp. The Cu

resonance line was isolated by a Heath Eu-700 monochromator

equipped with a stabilized photomultiplier (Section II-C-

2-b) and a 0.015 mm entrance and exit slitwidth combined

with 20 s/mm reciprocal linear dispersion for a spectral

slitwidth of 0.30 g, which was probably an order of magni-

tude larger than the linewidth of the hollow cathode lamp,

either pulsed or nonpulsed. A 15-microsecond time constant

was employed for both pulsed and nonpuised observation of

resonance line intensity from the hollow cathode lamp. In-

tensity was presented as photomultiplier anode current on

the oscilloscope screen, and subsequent measurements were

made for both pulsed and nonpulsed operation of the hollow

cathode lamp. The pulse repetition rate was 10/sec, with

pulse duration of 1 millisecond, approximating the case of

single pulsing as closely as possible with available equip-

ment. Peak pulse hollow cathode current for each pulse was

140 millianps, and nonpulsed current was 10 milliamps. The

absorbance measured for the 50 ppm. Cu solution when the

hollow cathode was not pulsed was 0.6 t0.2, while the ab-

sorbance measured for pulsed
.. operation of the hollow cathode
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was 0.32 ±.0.05. Error for the nonpulsed measurement was

greater than for the pulsed measurement because the non-

pulsed signal was smaller, and the uncertainty of each

photocurrent measurement for absorbance determination is

proportional to the square root of the photocurrent since

the major source of noise was shot noise. The difference

between absorbance measurements is due either to increased

primary source emission linewidth or increased self-absorp-

tion in the primary source, or a combination. of both. By

interferometric measurements, Yasuda (47) showed that in-

creased self-absorption is the dominant factor in decreased

atomic absorbance measured with a. nonpuised high current

hollow cathode lamp, with emission linewidth increases play-

ing a. much smaller role. Absorption measured during a cur-

rent pulse was uniform throughout the lifetime of the light

pulse. Varying the detection time constant from 15 micro-

seconds to 1.5 microseconds decreased the risetime of the

photocurrent by an order of magnitude as expected. If rise-
timetime had been changed by less than an order of magnitude by

decreasing the detector time constant by an order of magni-

tude, self-absorption caused by formation of a. cool atom

layer within about 10 microseconds would have been indica-

ted. Sell-absorption may have been present if a cool vapor
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could be established. in loss than 1 microsecond after the

start of the pulse, which may be possible, since the veloc-

ity of copper atoms above the cathode of the lamp could

on the order of 105-106cm/sec if the equilibrium tempera

ture of the vapor is near the boiling temperature of cop-

per. A velocity of 105 106 cm/sec is sufficient for

atoms to travel 1-10 cm during 1.5 - 15 microseconds,

which is greater than the cathode-anode spacing in the hol-

low cathode lamp.

The primary advantage to use of a pulsed hollow cath-

ode lamp for atomic absorption measurements on a transient

plasma such as a. laser-produced plasma is the very great

increase in line intensity brought about by passage of a

high current pulse. Since a fast detector time constant

must be employed for photoelectric observation of atomic

absorption in a transient plasma, it is important that

nals be large for minimal uncertainty due to shot noise.

Since light pulses are 103 times more intense than non-

pulsed light from the same hollow cathode lamp, and uncer-

tainty is proportional to the square root of photocurrent,

the uncertainty due to shot noise in a. pulsed measurement

is an order of magnitude less than the uncertainty in a.

nonpulsed measurement made with the sac. dc,tecIor time
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constant. Changes in line shape coupled with intensity in-

creases in pulsed measurements cause measured absoxbances

in the flame to be lower by a factor of 2 for pulsed opera-

tion of a hollow cathode lamp, while uncertainty of the

k
measurement is decreased by an order of magnitude (1002)

relative to nonpuised operation of the same hollow cathode

lamp. A detection limit for atomic absorption may be de-

fined as a neutral atom population in the absorbing source

which gives an absorbance of two times the uncertainty in

measuring the light passing through the absorbing source.

The net decrease in the minimum detectable absorbance by

pulsed operation. of a hollow cathode lamp is an order of

magnitude, while the neutral atom population in the absorb-

ing source is a factor of two larger than the population at

the same absorbance measured With a nonpuised hollow cath-

ode lamp, due to changes in lineshape, The net result of

the two factors decreases the detection limit by a factor

of five when the sane time constant is used.

2. ATOMIC ABSORPTION MEASUREMENTS ON PURE METALS.

Figure 33 shows typical oscilloscope traces of hollow

cathode pulses with light pulses from the laser produced

plasma superimposed on each Traces were obtained as in
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Sections il-G and Samles Were p1170 Cu, pure Mn,

aluminum sample AA-1, and the NBS 461 steel sample. Sample

surfaces were as cut on a. lathe except for Mn metal which

had a smooth surface as obtained. Pulse hollow cathode cur-

rent was 280- 300 milliamps for each measurement. Spectrom-

eter entrance slits were 300 microns wide, 2 mm high, and

the entrance optics focused the center of the plasma on the

entrance slit. The observed plasma. recion was at the sample

surface, centered on the laser focal point, and of approxi-

mate volume

V = twh (30)

= (0.20 cm) x (0.030 cm) x t

= 6x 10-3 cm2 x t,

where w and h are the spectrometer entrance slit dimen-

sions and t is the thickness of the plasma, which will be

described later.

Characteristics of each trace are an initial rapid

rise in light intensity at the start of the hollow cathode

pulse, followed by the laser firing, producing a very in-

tense pulse of light which sends the oscilloseope trace off

scale. Altar a short and fairly reproducible time the

trace returns, and absorption of the hollow cathode emission
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line is observed. AOsoehanee rapidly reaches a maximum

(or %T reaches a. minimum) at a short time, 10- 30 micro-

seconds, after the trace returns to the oscilloscope face.

After the maximum absorbance is reached, the trace returns

to its former level, with little or no change in intensity

after the absorption. The initial approach of the absorb-

ance to its maximum level is probably limited by the detec-

tor time constant employed, 15 microseconds, while the

time constant for return of the signal to its former level

varied randomly from 50-120 microseconds as measured on

the Cu 3248 resonance line. No scattering was observed

when the spectrometer was employed to monitor an absorption

line of an element which was not included in the sample,

although Mossotti, et al. (13) observed scattering in their

atomic absorption measurements. Since their measurements

were made with a continuum source whose beam traversed the

plasma severaltimes before passing into the spectrometer

entrance slit, scattering would be more readily observed

than in single pass operation of a line primary source.

An experiment not carried out here that could have an

interesting analytical application would have been to moni-

tor fluorescence in the hollow cathode plasma as induced by

the laser plasma. An increase in intensity would have been
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expected during the lifetime Of the lascr pulse, since the

laser plume was focused on the hollow cathode plasma by

the sane optics employed for focusing the hollow cathode

plasma on the laser plasma.. The application may have been

of limited usefulness since the light intensity correspond-

ing to the line of interest from the laser plasma shows

considerable fluctuation with laser energy and continuum

intensity, as is evident in Figures 28 and 29, discussed in

Section V-G.

a. ATOMIC ABSORPTION MEASUREMENTS ON ALUMINUM.

Measurements of absorbance of Cu, Mn, Fe and Al as

major alloy constituents were made at varying laser ener-

gies to determine whether pcalc absorbance changed with laser

energy. Absorbance of all metals at their absorption lines

were too high to allow changes with laser energy to be ob-

served, with the exception of Al. Absorbance of Al cannot

be measured in pure He or in gases containing 02, but can

be measured in gases such as N2 or in which do not oxidize

free Al, and have a. breakdown threshold for 1.06 micron

laser radiation low enough to for a high temperature plasma

above the sample (Section V-)). Absorbance of Al cannot be

measured when the atmosphere above the sample is partially
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removed, so formation of a high ter,alature atmospheric

plasma. is apparently critical to measuring Al absorbance,

Absorbance of Al in Ar varies approximately linearly with

laser energy for four Al lines, Figure 34. Plots obtained

using N2 were identical to those obtained. using Ar. Rela-

tionships between the four Al lines chosen for absorbance

measurements, are shown in Figure 35, a partial energy level

diagram for Al obtained in part from Herzberg (48). it is

apparent from Figures 34 and 35 that the small (0.0016 eV)

difference in energy between the lower states of the trans-

itions has little influence on the behavior of absorbance

measured on each line. Points for Al (I) 3961g and 3944k

coincide, while two lines are distinguishable for Al (I)

3082g and 3093R, with the slopes in the ratio of M3093/

M3082 = 2. Slopes of the Al (I) 396l R and. 3944R plots are

equal to the slope of the Al (I) 3093R, plot. Intercepts of

the Al (1)3961X, 3944. and 3093R plots on the laser en-

ergy axis are. all about 19 .j, while the intercept of the

Al (I) 3082 plot is two tinier as great, abort 38 raj.

We would expect Al absorbance to increase with laser

energy if the total amount of Al in the plasma increased,

or if the temperature of the plasma increased, causing Al

dissociation from molecular forms to increase, or CUs) ng
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the plasma. to last longer, allowing absorbing Al species to

reach the region of observation of absorption in greater

numbers than in a. lower temperature plasma. In Section V-

D-2, it was shown that crater diameters in Cu, Al and. steel

were relatively constant with laser energy, while data. in

Section V-E showed that the amount of Cu leaving the imme-

diate sampled area was constant with varying laser energy.

From this data, it would be difficult to state that the

total amount of Al in the plasma. increased, with laser en-.

ergy. The amount of atomic Al could. well increase with

laser energy, however, since Al absorption could. not be

measured in He or any gas containing oxygen., but could be

measured. in nitrogen or argon. Formation of Al oxides

directly from the neutral atoms could be expected in gases

containing oxygen, since oxide formation is known to occur

in high temperature plasmas (49). A threshold energy for

dissociation of the sample surface oxides into neutral Al

and oxygen may occur, although there is no indication that

the intercepts in Figure 34 are attributable to such a. dis-

sociation threshold. Distribution of the sample in the

plasma. may have -something to do with a threshold for ab-

sorbance measurements, but the real answer to the problem

O f threshold laser onProy :for absoranc measurements in Al
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probably lies in the rolarionship botwen hollow cathode

emission linewidth and absorption linewidth of Al in the

laser plume as a. function of temperature of the laser plume.

The plasma at the time of absorbance measurement is prob-

ably fairly dense, since the total amount of Al sampled is

2.0 x 1.0
-6

grams, determined by enthalpy calculations, Sec-

tion V-D-3, Table 3, and is probably distributed within a.

fairly small volume, as determined. by spatially resolved

absorbance measurements on Cu, to be discussed later. If

the Al concentration in the plasma were fairly large and

constant, the absorption linewidth would be a function of

temperature only, and the absorption linewidth would be

predominantly a function of collisional linewidth, since Al

concentration in the plasma is large. The relationship be-

tween linewidth and. temperature is shown in Figure 36,

where linewidth contributions by collisional and Doppler

broadening are considered_ The relationship between those

contributions and temperature at constant Al concentration

is (50),

7.2 x 10-7 7', ( 17" 0 Doppler, anda , -er

:A022 _ P -

,)

1 1

collisional (32 )11(*:T T 't

(31)



where

a.

temperature,

mass of Al atoms, 27 anu,

M
f mass of all other species i n the plasma,

6C

28 amu for N2

center wavelength of the line 3082, 3093,
3944 or 2961 R

collisional cross section of Ai atomS,
20- 100 2

P
f pressure of N , 760 mm (assumed tc) be con-

stant throughout lifetime of the laser
plasma)

18 9/speed of light, 3.0x10- n/ se

These contributions add as

) k /12,c)
22 ,
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(33)

giving the curves in Figure 36 for the four Al lines. It

is seen from Figure 36 that Al li ewidtl varies approxi.

mately linearly with plasma temperature after a. minimum

linewidth is reached over the temperature range in Figure

36. Absorbance is dependent on the ratio of hollow cathode

emission linewidth to absorption linewidth (51). If we as-

sume that absorption linewidth

the relationship to temperature

the four and that

n the laser p ma bears

awn if1 Pigui 36 for each

ow c a ''iode t m1 sion line-
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widths bear a. similar relationship to each other, we may

neglect lineshape in determining the relationship between

absorbe;uces measured for the four lines in Figure 36.

The relationship between absorbancies at a given

laser energy for the four Al lines shown in Figure 34

should depend on the relative numbers of atoms in the lower

states of the transitions, the multiplicities, gl and g2,

of each state involved in each transition, and the Einstein

absorption coefficient B19 for each transition. Direct

comparison of Al absorbance can be made between the Al (I)

3093 and 3082i, transitions since they are close together

and. effects en absorbance measured due to variation of in-

strumental. response with wavelength are minimal. The rela-

tionship between absorbance measured at a particular laser

energy on the two lines should be

13--/gA3093 12 9 9192A21/g2
2

=
2

--W82 9'0'19/9'2 9192'21/
/
99

which is equal to

A3093

3082

(34)

4 x 5.5 x 108/62 1.8 (35)

2 x 2.7 x 10-142

where An is the Einstein. soontaneeus emission rate. Mbl-

tipl.isit-jes of each s Late are equal te two times the
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degeneracy of the state pus ono, in the absence of strong

fields (48), and g2A21 values were obtained from Corliss

and Bozman (46). The 3092.84 Al (I) transition was dis-

regarded in Eq. 34 since its g2A21 value is probably small

compared to the g2A21 value of the 3092.72 Al (I) trans-

ition (48) . While the slopes of the plots of absorbance

measured on each of these two transitions are approximately

in the ratio of 2/1, the absorbance measured at a. given

laser energy are not in the same ratio, since neither of

the plots intercepts the axes at the origin. Equations 33

and 34 may also be applied to the Al (I) 3961g and 3944R,

transitions, with the result that

A3961

A3944

4 x 1.3 x10 8/22

2 x0.66x 108/22

= 4.0 (36)

where values of gl, g2 and g2A21 came from the same source

used in Eq. 34. Absorbances measured at a given laser en-

ergy for these transitions are equal, as are the slopes of

the plots of absorbance against laser energy.

I), ATOMIC ABSORPTION MEASUREMENTS ON COPPER.

While peak absorbance of copper at the Cu (I) 3248

resonance line is two or greater When measured at nearly
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any laser energy and in all the atmospheres that were used,

the duration. of absorption changes rapidly With laser en-

ergy. A plot of duration of absorbance at A. 0.3 (T=50%)

for the Cu (I) 3248A resonance line vs. laser energy is

shown in Figure 37. Measurements were made on Cu in air at

atmospheric pressure with the same geometry as absorbance

measurements made on Al, previous section, and. at two mm

above the sample surface. Duration of absorbance at either

position changed by a factor of four for an order of magni-

tude increase in laser energy. The shape of the curve may

be explained by spatially resolved, absorption measurements

made on Cu samples. The spectrograph horizontal slit was

used to chop off a. 0,200 mm horizontal section of the light

from the hollow cathode. Absorption measurements were made

at several positions in the plasma, showing that absorption

could be measured above the hollow cathode noise level out

to 3. mm from the .center of the plasma, and. 5 mm above the

sample surface. Absorbance fell from 2 or greater to less

than the noise level in the hollow cathode discharge, A

0.008, over the last millimeter of the measurement. Since

no difference can be seen between an absorbance of 2 and a

greater absorbance, little can be said about concentration

gradients in the plum., exc;ept that the eoncentration-path-
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of magnitude in

the outer regions of the plasma, ass ning constant absorp-

tion bandwidth of the Cu atoms. Temperature would. also

fall off in the outer regions of the plasma, so decreased

absorbance may represent a. decrease in Cu absorption line-

width as well as decreased population. Analytical absorp-

tion measurements were made through a cross section of the

plasma, of volume given by Eq. 30, so as a. first approxima-

tion, the plasma. will be treated as having a. uniform con-

centration of Cu atoms throughout, and t in Eq. 30 is prob-

ably between 4 and 6 mm. Further information about den

contours depends on linewidth determination in both the

hollow cathode and the laser plasma.

An additional point of difference between absorbance

of Al and. absorbance of Cu is the behavior of absorbance as

atmospheric pressure above a sample is decreased. Absor-

bance of Al cannot be measured at all when the pressure is

lowered even by a. factor of two or three, but duration of

Cu absorba_ce increases with little or no change in peak

value when the pressure is decreased to 1 Torr. At 1 Torr

pressure, Cu absorbance can be measured for as long as 9

milliseconds after the .Jane r is fi 3 e wit !. Linea!" de-

crease absorbance with 111O reas for



131

duration of absorbance ai lower pr,-2ssure may be that more

Cu is vaporized at lower pressures than at higher pressures.

Also vaporization may occur over a. longer period of time,

thus maintaining a. measurable concentration in the region

of absorbance measurement for a longer period. Vaporiza-

tion of Al may also occur over a. longer period, but peak

temperature in the atmosphere above the sample surface un-

doubtedly decreases as pressure decreases, so even though

Al vaporizes, it probably is not as well atomized as Cu.

Copper is known to form few compounds in flames while Al is

known to form refractory oxides, which may be the case here.

Duration of Cu absorbance increases with decreasing

pressure at constant laser energy until a pressure of 200

-400 Totr is reached, where duration of absorbance suddenly

increases very rapidly. The exact pressure at which this

abrupt change in duration of absorbance occurs is poorly

defined, but corresponds roughly to the pressure region of

slope change of the plot of peak continuum intensity vs.

laser energy (Figure 24, Section V-F) . This pressure region

probably defines the reoion of greatest change in atmos-

pheric absorption of laser radiation with pressure, also de-

fining the greatest change in atmospheric temperature with

pressure, and the pressure limit at. which Al absorption can
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be measured_

3. ATOMIC ABSORPTION- MEASUREMENTS ON MINOR CONSTI-
TUENTS IN SOLID SAMPLES.

Atomic absorption measurements on Al, Mn and Cu were

attempted on the NIBS 461 steel sample (Table 1, Section

IV). Atomic absorption of Cu alone could be observed, even

with the sample immrsed in Ar or N2. An attempt was made

to measure absorbance of Cu at different points on the

sample since the sample was known to be homogeneous to a

1-micron spot size. Over an order of magnitude of random

variation of Cu absorbance was observed, even at constant

laser energy, although the general. trend in absorbance was

increasing with laser energy. Even though crater diameters

(and presumably the amounts of- sample vaporized) were relaT

tively constant, absorbance of the Fe (I) 3720 resonance

line varied randomly with laser energy, similarly to the

wide variation of Cu absorbance with laser energy.- A. chem-

ical association or linewidth problem similar to the one

discussed previously for Al and Cu may exist. The large

scatter in Cu absorbance probably does not result from sam-

pling inhomogeneity, but could be the result of depletion

of the sampled region, which will be discussed later. Addi-

tional variation in absorbance could have been caused by
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disturbing the sample surface when the sample was cut, but

similar variation. in absorbance was observed when an undis-

turbed end of the sample was used as the target. In any

case, variation of Cu absorbance was fax larger than the

4% standard deviation in local Cu concentration reported by

NI3S (24).

None of the minor constituents listed for the CB ser-

ies Cu samples (Table 1) could be measured by atomic absorp-

tion over the energy range of the laser in any of the gases

mentioned previously. Concentrations of the minor consti-

tuents were well within the range of Cu concentration in

the NBS 461 steel sample. No explanation for the lack of

detectability can be given at this time.

The AA series Al samples (Table 1) afforded the first

opportunity to determine the usefulness of the pulsed hol-

low cathode-laser method for atomic absorption measurements

on minor constituents of a, solid sample.. Absorbance Of

both Fe and Cu could be measured in the sample plasma whe-

ther the sample was immersed in air, Ar, or N2. Absorbance

9of t-he Fe CO 3720-ii. resonance line varied over a large

range for each of the AA. series samples, so no calibration

curve was constructed. Absorbance of Cu was relatively re-

producible front spot to sr:A--)t on the sample surface, with
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only 205 relative standard deviat en in absorbance observed

for several different spots on the sample sutface on any AA

sample. A calibration curve was constructed for Cu in the

AA series samples, with single shot absorbance measurements

plotted vs. actual sample concentration in Figure 38. Com-.

paxison of Figure 38 with Figure 29, Section V-G, shows

that behavior of atomic absorption and atomic emission mea-

surements on the same samples are similar.

Of particular interest in the laser-pulsed hollow

cathode atomic absorption method of analysis of the AA ser-

ies Al samples was the depletion of the minor constituents

in the samples. Repetitive absorbance measurements on the

same spot of the sample surface started at the level shown

in Figure 38 for each sample, but subsequent absorbance

measurements made by firing the laser at the resulting cra-

ter showed a. much lower absorbance than the first time the

laser was fired at the same region. Figure 39 illustrates

the decrease in absorbance with subsequent laser firings at

the same spot. A relatively constant abso):bance is reached

after the first laser firing, imiplying that the Cu concen-

tration in the crater region is depleted. Baldwin (37) has

investigated the depletion of Cu in brass, showing that

partitioning of Cu between vapor ;Md melt phases of his
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laser plasma, was in accord with phase diagrams for Cu in

Zu. Apparently, a. similar phenomenon occurs for Cu in Al

but a phase diagram for the small concentrations of Cu in-

volved here is not available. If the depletion of Cu in Al

can be attributed. to partitioning of Cu between vapor and

melt phases, then this may imply that the samples boil from

the surface of the metal at the focal point of a laser beam.

It is also possible that the process occurring is similar

to zone refining, rather than partitioning between two

phases in accordance with a phase diagram.

In hopes of producing a. homogeneous sample of known

concentration, graphite pellets were prepared as in Section

IV, with concentrations as listed, in Table I. The blank

prepared at the same time was investigated by laser--pulsed

hollow cathode atomic absorption to determine wtether the

samples bad been contaminated during preparation. Of the

elements Fe, Mn, Cu and Al listed in Table 1, the only one

which could not be detected in the blank by the laser-pulsed

hollow cathode atomic absorption -irithod. wa,.. VA.n, The average

absorbance measured in the blank for be was 0.085, with a

standard deviation of 0.04, and average absorbances and

standard deviations of Cu and Al in 1.1.:Q W_JAIlk. were 0.19 and

0 .17 and 0.16 and 0,17 rpc..-L: Absorbance of Al could
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be measured only when the sample was immersed in Ar or N2.

Average absorbances and standard deviations of absorbance

were determined on the basis of eight shots at different

regions on the sample surface. No correlation between

laser _energy and duration of absorbance at 50% T was shown

by any of the elements measured. Since absorbance could. be

measured. for Al in the blank only when the sample was im-

mersed in Ar or N2, and could not be measured for MA, the

possibility of absorbance being due to scattering was pre-

cluded, unless the plasma caused no scattering over only a.

specific wavelength region. Such scattering is extremely

unlikely in a plasma. of the type discussed. here.

A calibration curve for absorbance of Mn from each

sample is shown in Figure 40 Each point in Figure 40 is

an average of eight absorbance measurements made at differ-

ent locations on the sample, and plotted vs. the concentra-

tion of Mn in the sample. The deviation in absorbance in-

dicated for each point is two times the standard deviation

of the set of eight absorbance measurements. Calibration

curves were constructed for the sample immersed in air and

also for the sample immersed in Ar. Differences in average

absorbance measured for each sample in the two gases are

within experimental e::ror,
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No change in absorbance was noted on repetitive laser

firings at the same spot on the sample surface. Presumably

no partitioning of elements between. liquid and vapor phases

exists with graphi samples since the graphite is not mel-

ted, but probably vaporized directly- from the solid. state.

Lack of scattering by the plasma implies that vaporization

was relatively complete, with no large unvaporized particles

of graphite produced by the action of the laser pulse on

the sample. Crater diameters in the graphite were too_ poor-.

ly defined to allow accurate measurement, although the di-

ameter was larger than crater diameters in steel , presumably'

clue to the high absorptivity of graphite for light of

10,600R. wavelength, 77% (36).

A general definition of a detection limit for atomic

absorption analysis is that neutral atom concentration which

produces an absorbance Given by

A, r = logmin (36)

where j is the average photomultiplier photocurrent, anda

is the noise level of the photomultiplier signal. Val-a

ucs of ia and 6; obtained from photographs of photomul-

tiplier traces similar 4.o the traces shown in Figura 33,

Me minimum. 0,-?tctar'ole aorbnco P estimated. from
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Eq. 36 for Cu in Al ie 0.003, fe in (graphite, 0,006.

Detection limit for these elements was determined by extra-

polation of straight lines in Fi'mres 38 arid. 40 to the min-

imum detectable absorbances, givino detection limit values

.-7of 5 x 10
-5
% Cu in Al (5N:10 gr.: of Cu per gram of Al)

and 3 x 10-35 Mn in graph it e (3w 10-5 grams of Mn per gram

of graphite) . The absolute detection limit :ror Cu in Al is

-121 x 10 grams, based on a, calculated 2 x 10 grams of Al

alloy vaporized (Section V-D, Taloie 3), while the absolute

detection limit for Mn in graphite is 310-11 grams, based

on a calculated lx10-6 grams of oraphitc vaporized. Cal-

culation of amount of graphite vaoorized was carried out

identically to calculation of calculations of vaporized

amounts of metals, Section V-D. The estimated detection

limit for Cu in Al by atomic emission was 0.0015, or 1 x10 -5

grams of Cu per gram of Al. The absolute detection limit

, -1]for Cu in Al by atomic em.ission is 2:;..10 grans, about an

order of magnitude greater than the detection limit for

atomic absorption measurements or too race samples.

Since the reprodr:c*bility or rue absorbance measure-

ments was not good, we may redefino the detection limit as

that concentration in sa:yle T.;deci an average absorbance

three standard deviation orcater t'cc: the minimum deter:-
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table absorbance. typic .7id 1 v of s is 20 - 100%

of the measured absorbance,, the detection limit absorbance

would be increased. by roughly a. factor of three to 0.018

for Mn in graphite and 0.024 for Cu in Al, making the de-

tection limit for Mn in graphite and Cu in Al become 0.01%

and 0.0001% respectively. The absolute detection limits
then become 1 x -10 grams of Mn and 2 x 10-12 grams of Cu.



143

VT. CONCLUSION'S

Simple calculations based on assumptions of equilib-

rium thermodynamics have resulted.. in excellent agreement of

experimental laser data with predictions. Agreement has

been shown between calculated crater volumes and crater

diameters measured by other experimenters. Crater diam-

eters in various metals have been predicted to within the

accuracy of the measurements, and. velocities of expanding

Cu vapor at different pressures have been found to be pre-

dictable within experimental error.

New methods of atomic emission and atomic absorption

measurements on the laser plume have been described- Detec-

tion limits for atomic absorption measurements are about an

order of magnitude lower than for atomic emission measure-

ments in the same samples. Atomic absorption measurements

on Cu in Al have indicated a. depletion of Cu. with successive

laser shots on the same spot on the sample surface. No such

indication has been seen. with Mn, Fe, Al or Cu in a. graphite

matrix, implying that some partitioning mechanism occurs for

a. metal sample which does not occur for a. nonmetallic sam-

ple. Such partitioning has been observed by another inves-

tigator, and attributed to partitioning of two metals be-
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tween melt and vapor phases 3i rise Cu absorbance becomes

nearly undetectable above an Al sample after several Shots

at the same spot on the sample s').: face, some phenomenon

similar to zone refinino may take place, rather than par-

titioning of one constituent between liquid and vapor

phases.

Atomic absorption measurements on Al reveal the in-

teresting result that absorbance cannot be measured in He

or any gas containing 02, although absorbance can be mea-

sured in Ar and N9. Presumably, the breakdown threshold of

He is too high to successfully atomize the Al for atomic

absorption measurements, while gases containing 02 oxidize

the free Al before atomic absorptior measurements can be

made on it.



145

1. Brech, F., and Cross, B. , Appl. Spctrosc., 16, 59
(1962)

2. Baldwin, J., U. S. Alemic Energy Commission IN-1219,
Oct., 1968

3. Baldwin, 3., U. S. Atomic Enerqy Commission IN-1262,

Dec., 1968

4. Baldwin, 2., U. S. Atomic Energy Commission IN-1305,
July, 1969

5. Baldwin, J. U. S. Atomic Energy Commission IN-1360,
Jan., 1970

6. Baldwin, J., U. S. Atomic Energy Commission IN-1492,
June, 1971

7. Runge, E. F., Block, R. W., and Bryan, P. R., Spectra-
chimica. Acta 20 133 1964)

8. Runge, E. F. , 'Bonflqlio, S., and Bryan, F. R., Spec-
trochimica iota 22, )678 (1966)

9. Rasberry, S. D., Scrin6c, B. F., and Margoshes, M.,
XII Colleccim Spctroscopicum. international,
Exeter (1965), Lendon (1965), p. 336

10. Scott, R. H., and Strasheim, A. Spectrochimica Acta.
25B, 311 (1970)

11. Karyakin, A. V., et ai. JOLITTRI.. of Analytical Chem-
istry of U322 23, 1421 (1968)

12. Karyakin, A. V., and 12"..aioorodov, V. A.., Journal of
Analytical C'ncnlistfy of the USS;-t 23,- 807 (1968-)

-13. Mossotti, V. G., LacluL; K., and N:locnah, W. -D.,
Spectroca 23TL 197 (1967)

14. Picmeier, E. 10 ph .O. Univ. of Ill., 1966



15. Strasheim, A. and. Human, H. G. C., Spectrochimica
Acta 2313, 265 (1968)

16. Dawson, J. B.. and Ellis, D.
23A, 565 (3967)

17. Yokoyama, Y., cAnd
118 (1969)

146

J., Spectrochimica. Acta

Spectrochimica 243,

18. Sullivan, J. V., and Walsh, A_, Applied Optics 7, 1271
(1968)

19. Vanyukov, M. P., Zh. Prikl. Spektrosk, 2, 267 (1965)

20. Ready, J. F., and Hardwick, D. L., Proc. IRE 50, 2483
(1962)

21. Piepmeier, E. H., Appl. Spectrosc., in press

22. Walters, J. P. unpublished communication

23. Millman, H., and Taub, M. Pulse and Digital Switching
Waveforms. New York (1968) o 115r

24. NBS Misc. Publ, 260-3, Standard Reference Materials:
Metallooraohic Characterization of an N3S SDeC-
trometric Low-Alloy Steel Standard. U. S. Govern-__
ment Printing Office (1964)

25. Tomlinson, R. G., Damon, E. K., and. Buscber, H. T.,
PlIzLics of Quantum Electronics. New York (1966),
p. 520

26. Heard, H. G. , Laser Parameter Measurements Handbook°.
New York (1968), p. 115

27. Shortley, G., and Williams, D. , Elements, of Physics.
New York (1961), p. 532.

28. Sawyer, R, A., ExT)erimental f-',Pectroscop New York
(1944), p. 58

29. Piepmeier, E. H., Anal, Chem. 41, 700 (1969)



147

30. Plepmeier. E. H., and Osten, D. E., Appl. Spectrosc.
25. 642 (1971)

31. Forenko, V. S., Sanscnoy, G. V. , ed. , Uaadbook of
Thermienic Pro,)orties New York (1966)

32. Handbook of Chemistry and Physics, 44th ed. Chemical
Rubber Corp. (1964)

33. Ready, J. F., J. Appl,. Phys. 36. 462 (1965)

34. Handbook of Physics. New York (1966)

35. Marton, L., and El-Kareh, A. B., ed., Electron Beam
and Laser Bean Technolocv. New York (1968),
p, 188

36. Panteleev, V. V. , and Yankovskii, A. A. Zh. Prikl.
Spektrosk. 3, 350 (1965)

37. Baldwin, J., Appi. Spectrosc. 24, 429 (1970)

38. Carslaw, H. S., and. jaeocr, J. C., Conduction. of Heat
in. Solids. Oxford. (1960), p. 2

Zel'doyich, Ya. B., and Raiser, Yu. P. (Hayes, W. D.,
and Psobstein, R. F., ed..), Physics of Shock

and 1ifL7,1221.TerIY,11 Hydrodynamic Phenomena/
Vol. II. New York (1967), p. 769

40. Cahill, J. A., and Kirshenbaum, A. D., J. Phys. Chem.
66, 1080 (1962)

41. Gates, D. S., and Thodos, G., A. T Ch. E. Journal 6,
(1960)

42, Shenstone, A. G. , Phil. Trans. Roy. Soc. (A) 241, 297
(1948)

43. Sh:nstcTre, A. G., Phil, Tzans. Roy. Soc. (A) 235, 195
(1936)

44. KLI::?;Inan, W. 'Kinetc Theory of Gases. New YOrk(1966),
P.



148

45. Lvov, B. V. Alomic Absor-ltion Ve'troscopy 'Trans.).
Jerusalem (1969), p. 47

46. Corliss, C. 11. , and Bozman, W. 2. , Experimental Trans-
ition Probabilities for Snr,ctral Lines of Seventy
Elements. U. S. Gov,-,Jrnyi;ont Printing Office (1962)

47. Yasu d K. , Anal . Chem. 38, 592 (1966)

48. Herzberg, G. Atomic 0ctra az)d Atomic Structure. New
Yerk (1944), p. 198

49. Boumans, P. W. j. M., Theory of Spectrochemical Excita-
tion. New York (1951), p. 327

o. Parsons, M. L. McCarthy, W. J., and Winefordner, J. D.
Appl. Spectrosc. 20, 223 (1966)

51. Mitchell, A. C. C. and Zemansky, M. W. Resonance
Radiation and Excited Atoms. Cambridge (1961),
p. 323



149

V I T

The author was born in May of 1945, the second son of

Harvey and Alfredo Osten, in Mi:Livke, Wisconsin, where

his father was and is employed as a. machinist at Schlitz

Brewing Company. He began grade school at Sussex Grade

School, Sussex, Wisconsin, in 1950, graduating in 1958. He

went to Waukesha. Nigh School in Waukesha, Wis., from 1958 to

1963, working during the summer on the family farm and on

various dairy farms in the area. He was employed during the

summer of 1963 at a glass wool insulation factory with the

lowest working conditions. At the end of the summer, he was

near the top of the employee seniority list at the factory,

but quit despite attempts by the managers to persuade him to

become permanently employed there to begin school at the

University of Wisconsin, in Madison, in the fall of 1963,

where he majored in chemistry. During his education at the

University of Wisconsin, he was employed at several summer

jobs, most notable of which was 'd job as a laboratory tech-

nician at a local transformer Manufacturing plant during

the summer- of 1965. During the fall semester of 1965, he

began a part time job As an undergraduate assistant to Dr.

S. H. Langer, 1-)prtment ef (. eraai Engineering at the



150

University of Wisconsin, which developed into a sunnier job

as a research assistant for Dr. Lander. During the spring

1966 semester at the University of Wisconsin, he began un-

dergraduate research with Dr. J. P. Walters in the Chemis-

try Department, where he became acquainted with the fascin-

ating field of emission spectroscopy. His research led to

an undergraduate thesis with the title "Electrodeless Ex-

citation of Spectra. from Gas and Solid Samples," which is

on file in the University of Wisconsin library. His inter-

est in atomic spectroscopy led him to Oregon State Univer-

sity in 1967 after graduation from the University of Wis-

consin, where he worked on the laser research projects of

Dr. E. H. Piepmeier, Department of Chemistry, Analytical

Division. During his stay at Oregon State University in

Corvallis, Oregon, he met and married his wife, the former

Kathleen Beth Tapscott, and developed interests in photog-

raphy, wilderness hiking and camping, and playing classical

guitar, as well as carrying out the research necessary to

the writing of this dissertation. The majority of the writ-

ing of the dissertation was done while the author was em-

ployed at Sacramento State College, Sacramento, California,

as an assistant professor in analytical chemistry, a tempo-

rary pos:;.tion for the academic year 1971-197'2. As of this



151

date, he h t :17 0'...11""! IT.V0-1. t. oh


