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May 12, 1947

To the Faculty

Graduate School
University of Cincinnati
Cincinnati, Ohio

Gentlemen:

I herewith submit in part fulfillment of the
requirements for the Degree of Doctor of Philosophy this
thesis entitled "Spectrographic Analysis®,

The object of this thesis was to develop a
more flexible source of excitation for spectrographic
analysis, and to study auxiliary equipment, methods of
introduction of the sample, various methods of quanti-
tative analysis, illumination of the spectrograph, and
other factors related to the subject.

This investigation has led to the development
of the "arc-spark!" unit, a source of excitation employ-
ing an electrical circuit entirely new to the field of
spectroscopy. Other phases of the work, particularly
the lens system, the "compressed" and "spray" electrodes
and the photographic slit, are, in my opinion, worthwhile
contributions and their presentation and discussion should
form a part of present day spectrographic literature.

Respectfully submitted,

(ot [ o7
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CHAPTER I
INTRODUCTION

Spectrographic analysis, or probably more appropriately,
spectrochemical analysis, may be defined as the science of
determining chemical composition by means of measuring charac-
teristics of spectra, This definition is necessarily broad
and covers both the emission and absorption fields. The main
emphasls must be placed on the phrase %determining chemical
composition', either qualitative or quantitative, for this is
the applicable property of the spectrographic technique which
has placed 1t in such a prominent position in industrial and
research laboratories, Although the definition includes both
the emission and absorption fields, the discussions in this
paper will be limited to the former. Further, any comments and
criticisms offered will be made solely in the light of their
relation to compositional analytical techniques,

It has been found that about seventy of the elements can
be determined by spectrogrgphic analysis, both qualitatively
and quantitatively, Among these are all of the metals and some
of the non-metals, The negative elements, such as fluorine,
chlorine, bromine, sulphur, etc. are unusually difficult to ex-
cite to emit light and hence cannot ordinarily be detected
spectroscopically. Aggregates or radicals cannot be evalugted
as such, for they are broken down into their constituent atoms
in the arc or spark which serves as a source of excitation. How-
ever, the metals are falrly easy to detect, and the range of con-
centrations over which the most accurate quantitative results

are obtained varies from about 5 per cent downwards to 0,001
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per cent or even lesg. The spectrographic method 1s extremely
sensitive for the detection of some elements. It is estimated
that 0.00005 per cent cadmium and 0,0001 per cent copper can
be identified with certailnty in samples of lead. While on the
other hand, such elements as selenium or dissolved gases in
metals show little or no evidence of their presence in the ordin-
ary arc or spark spectra, Other elements such as carbon, boron,
arsenic, phosphorus and tellurium occupy an intermedlate pgsit-
ion since their lower limit of detection is of the order of 0,1
to 0,01 per cent.

The relliability of qualitative spectrographic analysis for
the metals is unsurpassed, The precision and reliablility of
quantitative methods are rapidly improving. Until fgirly recent-
ly it was generally believed that the precision of quantitative
estimation was within plus or minus 10 per cent of the amount
present at all concentration levels, However, advgnces during
the past flive years in excltatlion and photometric equipment have
greatly improved this precision, éo'that at present, with an
established routine and careful manipulation, it is possible to
obtaln results deviating only 2 per cent from the mean on suc-
cessive determinations of the same’sample., Many speétrographic
laboratories are now determining alloying elements in concent-
rations of 12-15 per cent with accuracies comparable to those of
good chemical analytical practices,

Metallurgists, pharmaceutical and food chemists, petroleum
refiners and hosts of others have found the spectrographic method
of ihvaluable assistance 1ln estimating impurities and so-called
"trace" elementes which have such a pronounced effect on the

properties of many materials, The analyses for these "minutae"
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are often well beyond chenlcal means, but are readily carried

out with appropriate spectrographic procedures with little
difficulty., With preliminary chemical concentration, applie
cations in this regard appear almost unlimited.,

Although the initial cost of the spectrographlic installa-
tlon may be high, the speed with which anglyses can be made and
the number of determinations performed per unit of labor cost
far exceed that of any other method of analysis, It is possible
to evaluate 4-6 elements in an alloy, after development of the
proper procedure, within 10-12 minutes after receipt of the sam-
ple in the laboratory. In some instances, only 8-10 mane-minutes
per determination are required. ‘

All analytical and research chemists in industry must,
therefore, be lmpressed with the possibilities and potentialities
of the spectrographlic technique, The strict and rigld specifica-
tions of materlials, coupled with the keen competition and invol-
ved economics of today, make 1t of pafamounf importance that
every new development which may offer a reduction 1n cost and
labor be fully investigated. Responsible executives should no
longer regard the spectrograph as an expensive toy of the physice
ist, but as an indispensable téol in the analytical laboratory,



CHAPTER II
SCOPE

Unfortunately, the fundamental processes and underlying
principles of the spectrographic method are numerous and rather
cemplicated, as attested by the extensive literature on the sub-
Ject. During the perlod 1920-1939 alone, some 956 articles were
published., Moreover, several comprehensive books have been
written to cover the involved details.

In any experiment in spectrographlic analysls there are
four principle divisions:

1, Vaporization of the selected sample\and

excitation of the vapor to emit character-
istic radiation - source of exciation or
light source,

2. Dispersion of‘the radiation into suitable

components for observations or recording =
spectroscope or spectrograph.

3. Observation or recording of the radilation

for future study - spectrometer or photo-
graphic process,

4, Interpretation of observations or records

of the radiation in terms of chemical
composition,

The instruments and techniques used in these principle
divisions have been developed to a remarkable degree, especially
those used in the last three phaseg, The theoretical bases and
practical epplications of divisions 2, 3 and 4 have been so well
covered by several authors that a relteration here would be of
little value. One chapter will be devoted to the presentation
of those references, together with a few comments by the writer,

Attthe time the present investigation was begun, the

commerclally available sources of exciation were practically



nonexlstent, so that the design and construction of suitable
unlts were necessary in each spectrographic laboratory. MNore-
over, the arc and spark sources described in the literature
appeared to have limited applications, It was felt, therefore,
that an extenslive investigation into sources of excitation
would be profitable., Out of this study arose the "arc-spark®
unit which is described in considerable detail in Chapter V.

During the course of this investigation, several diffi-
cultlies were encountered with the available spectrographic
apparatus., Several accessory items had to be constructed to
ﬁake the apparatus usable. These appear as separate entities
under the following chapters: Chapter VIII - External Optical
Systems for the Spectrograph, Section I - Lens System and Sec-
tlon II - Diffusion Systems; Chapter IX - Photographic Slit.

In order to study the merits of the arc-spark excitation
source as compared to conventlonal arc and spark units, methods
of introduction of the sample into the source were considered
and studled. These observations are recorded in Chapter VI -
Introduction of Sample,

There was insufficlent time to fully develop quantitative
methods of spectrographic analysis employing the arc-spark unit,
However, durlng the past several years, the writer has had exe
tenslve eemmercial experience in the analyses of a wide variety
of materials employing many diverse methods on many tyoes of
apparatus. Chapter VII - Standard Methods of Quantitative
Apalysis - 1s included to‘tabulate these methods with their attend-
andt fields of application and expected reliability.

These dlscussions will probably appear to the reader
somewhat dlsconnected, but it must be remembered that the fielgd
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of spectrographlc analysls 1s so broad that only certain speciw-
fic phases can be considered here, Nevertheless, the writer be-

lieves that much of the material presented here constitutes a

worthwhile contribution to the science.



CHAPTER III
ORIGIN OF SPECTRA AND BASIS OF SPECTROGRAPHIC ANALYSIS

The nature of light has intrigued scientists for centuries
but 1t is only recently, relatively speaking, that a plausible
understgnding has been established., The extent of detectable
energies of similar character beyond the limits discernible with
the eye has led to a more general term,- radiation, The modern
accepted theory of radiation is in reality a combination of
earlier theories of Newton (corpuscular «1666), Huyghens (wave
theory = 1673), Maxwell (electromagnetic theory « 1860) and the
more recent work of Hertz, Lorentz and Planck. The weldling of
these concepts has provided a theory which portrays light dr:
radlatlon as é corpuscular form of energy propégated in a waie
form.

The phenomena of 1nterrerence, refraction and diffraction
can most reédily be interpreted by assuming wave propagation,

On the other hand, the origin of discontinuous, or line, spectra
is best explalned by the corpuscular or quantum theory. Accord-
ing to the latter, Y"excited" atoms in the vapor state emit radi-
ation of definite frequency when changing from one energy level
to another. Since the excitation is generally conflned to the
electrons, as differentiated from the excitation in the solid
state, the radiation produced can be considered as the differ-
ence in energy of two electrons sgtates, or ~

' E = E2 - E] = hf
where E; and Eg are the total energies of the atom in the lower

and in the higher electronic state respectively. The difference



in energy is proportional to the frequency, f, of the radi-
ation emitted when the atom passes from the higher to the lower
energy state. The proportionality factor, h, 1s known as
Planck'!s constant.

Since the mass and electron configuration of the atoms
of the-elements vary, 1t follows that the possible "quantatized"
energy states are different for each element. Moreover, theo-
retical and experimental work has shown that the absorption and
emiséion of energy takes:place according to well-défined rules.
The electrons which have absorbed energy and have thus been
forced away from the nucleus of the atom can return to lower
atomic energy states through certaln predetermined paths or pos-
itions. The number of possible frequencles of radlation from
any one kind of atom 1is thérefore limited.

It 1s possible, however, if sufficient excitation energy
is availlable, to produce ionized atoms by removal of one or
more of the outer electrohs. Upon subsequent excitation lonized
atoms will emit radiation of appreciably differenﬁ character than -
the neutral atoms, Under appropriate conditions, it is possible
in tﬁe same source to have the radiation of neutrai, singly,
doubly and even triply ionized atoms simultaneously. This leads
to extremely complex spectra,-which are to be avolded if at all
possible; Arbitrarily, the radiations from unionized atoms aré
‘referred to as "arc spectra%, while the radiations from lonized
atoms are referred to as "spark spectral.

The source of energy for excitation of the atoms can be
flames Of relatively high temperature, electric arcs and sparks,

discharge tubes, and radiant energy itself. If the hetero-

geneous radiation from a source is passed through a spectroscope



or spectrograph,'a discbntinuous spectrum is produced, The
latter i1s defined as an orderly array of radiation diépersed
according to frequencigs (or wavelengths).

From the foregoing it is evident that the spectrum of each
element 1s characteristic of that element alone and is composed
of a limited number (for all practical conslderatione) of spec-
tral "lines" which are the physical shape of the optical images
in the spectroscope. In other words, if an element, singly or
in the presence of others, is put into the vapor state and then
exclted to emit radiation, a spectral pattern can be obtained
which will serve to identify the element uniquely. In addition,
the greater the number of atoms in the source, the greater will
be the probability of excitation of the higher atomic energy
levels resulting in a larger number of spectral lines (until
the complete spectrum is obtained). Still further, the overall
intensity level of all frequencies excited will increase as the
concentration of the atoms are increased in the source. These
statements are the underlying bases of all spectrographic analy-
sis. The spectral pattern serves to establish the elements
present 1n the source beyond question, while the intensities of
the lines can be used to evaluate, within limits, the relative
concentrations of the elements.

‘Although helpful, a comprehensive understanding of the
theory of atomlc spectra is not at all essential to the success-
ful application of spectroscopic methods to analytical problems,
In fact, all the lmportant advances in this field have been
empirical. However, the following list of general references
is included for the readers information in the event further

details are desired.,
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CHARTER IV

- GENERAL INSTRUMENTA TION

A. Spectrographs

The general principles and theories underlying spectro-
scoplic apparatus have been presented in a most comprehensive
manner by Dr. Ralph A, Sawyer in his book “Experimental Spec=
troscopy", pages 28 et seq.

The spectroscope or spectrograph is an ingtrument about
which the spectrochemical laboratory is built, It should, there-
fore, have certain minimum requirements as regards dispersion
and resolution, as well as mechanical operation., There has been
little or no attempt made toward standardization of spectrographs
and consequently there 1s conslderable confusion regarding the
relative merits of the commercially available apparatus,

Minimum requirements for the spectrograph were proposed in
an article by Mr, Charles L, Guettel (1) as follows:

1. The spectrograph shall give ample dispersion, resolute
ion, definition, and wavelength range of spectrum lines to
accomplish the given analysls., Where possible, the actual values
for the required dispersion, resolution, and wavelength range
shall be obtained from spectrographers specializing in the field
of the given analysls,

2. The absorption of light in the process of dispersion
shail be sufficiently low to permit exposureperiods of two mine
utes or less.

3. The optical system ghall consist of high=grade mat-
erials designed to keep phenomena such as scattered and stray

light, production of ghost lines, and deterioration of optical
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parts at a minimum,

4. Light leakage, as noted by the fogging of highly
sensitive photographlc emulsions, shall be eliminated.

5. The construction and mounting shall be substantially
rigid to permit permanent alignment of all optical parts,

The Soclety for Applied Spectroscopy in the New York
metropolitan area is compiling a list of spectrographic équlp-
ment used in every fleld of spectrographic analysis, From this
compilation it 1s'hiped that a set of minimum requirements can
be written which will enable the purchasers of gpectrographic
equipment to specify concretely the equipmeht desired.

The merits of the grating lnstruments as compared to the
prism instruments have beenvaebated at great lengths among .
spectrographers, Since no decision has been reached, a choice
of a sultable instrument must be left, in the majority of cases,
to personal preferences. It should be noted in passing, howe#er,
that the grating spectrograph has grown in popularity and 1t has
been predicted that if sultable ruling machlines become avallable,
grating spectrographs will in time displace prism instruments.

The commercially available spectrographs are tabulated

below:

Prism Spectrographs

The Bausch & Lomb Spectrometer
The Adem Hilger Spectrometer
The Bausch & lomb Medium Quartz Spectrograph
The Adam Hilger Medium Quartz Spectrograph
The Bausch & Lomb Small Littrow Spectrograph
The Bausch & Lomb Large Littrow Spectrograph
. The Adam Hilger Large Llttrow Spectrograph
. The Gaertner Scientific Corporatlon Large
2- Prism Quartz Spectrograph
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Grating Spectrographs

The Replica Grating Spectrograph (1 meter),
Central Scientific Company

The Applied Research Laboratories Grating
Spectrograph (l-1/2 meters) in the
Paschen-Runge Mounting

The Balrd Assoclates Grating Spectrograph
(3 meters) in Eagle Mounting

The Jarrell-Ash Company Grating Spectrograph
(3 meters) in Wadsworth Mounting

The H. S. Read Company Grating Spectrograph
(3 meters) in modified Wadsworth Mounting

All of the large instruments suffice for the analysis of
all metals and alloys, with the possible exception of high speed
tool steels. The medium and small instruments can be used only
in the analysis of certain non-ferrous alloys and for such
spectrally simple materials as the alkali and alkaline earth
compounds, organic residues, and the like,

If the instrument is to Be used for non-routine analysis
and research purposes, it should be chosen with the highest
dispersion and resolving power within the limit of allotted
space and cost. It can be stated categorically that the spectro-
graph with the highest dispersion and accompanyling resolution is
capable of detecting the lowest concentrations,

B. Photographic Materials

The unusual demands of the spectrographers, together with
the cooperative efforts of the producers, have led to the develop~
ment of numerous specilalized photographic materials. The photo-
graphic process 1is extremeiy complicated and the relations of
light intensity to photographic density are very involved., It is
indeed remarkable that a material so involved can be used with
any degree of reliability.

If one studies the basic concepts and theories of the
process, as presented so ably by Dr., ¢, E. K. Mees in his book
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entitled “The Theorf of the Photographic Process", 1% will be.
geen that extremely rigid control of the entire brocess must
be maintained at all times., It is estimated that 1n modern
spectrochemical analysis, the errors involved in the photo=-
graphlc process, éven under the most riglidly standardized condi-
tions, amount to a major portion of the overall error lin analy-
sis.

Numerous emulsions are now avallable and there 1s a wide
choice of speeds, contrasts and spectral ranges, The Eastman
Kodak Company suppllies “Eastman Spectroscopy Plates¥ with
seventeen different spectral sensitizations in five different
types, ranging from extremely high sensitivity and high graini-
ness to very low sensitivity, very high contrast and very small
graininess., In addition to speclalized emulsions, ¥Spectrum -
Analysis #1" and “Spectrum Analysis #2Y have been developed by
Eastman for the spectrographlc routine analyses of metals and
alldys where medium sensitivity, high contrast and fine grain
are desirable,

In general, 1t 1s desirable for spectrographlic work to
select an* emulslon of hlgh contrast, low background, and high
resolving power., Such an emulsion will have low speed and
sensitivity, which must be sacrificed somewhat to gain the more
desirable features. With emulsions of thlis type, the spectral
lines are sharp and clean-cut, appear agalnst a fogless back-
ground, and the high contrast permits of accurate photometric
determinations of small intensity differentials.

In the majority of cases, the intensity of the source of
excltation i1s not sufflciently high to permit use of these high-

1y desirable emulsions without excessively long exposures,
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Some compromlise ls then almost necessary. The wrlter has found
the rolloﬁing emulsions capable of covering almost all demands
of spectrochemical work;

Spectral Range

2000 - 2400 Eastman Type 1=0 or Type III-0 Ultra Violet
Senslitized

2300 - 3400 Spectrum Analysis #1

2360 = 4500 Eastman Type III-0O: Eastman 33; Eastman 50
3500 = 7000 Eastman W&W Panchromatic; Eastman Type III-F
6700 - 8500 Eastman Type 1l=N or II-N

All these emulsions are made in Eastman's experimental
laboratories and are hand coated, with the exceptions of East-
man 33, Eaétman 50 and W&W Panchromaetic. The latter three, if
satlsfactory otherwise, are to be preferred because of their
uniformity.

C. Photometric Apparatus

The descriptions of the instruments used in the detere
mination of spectral intensity by measurements on processed
emulsions occupy a sizabe space in spectrographic literature,
Dr. Ralph A, Sawyer in hls book entitled "Experimental Spectro-
scopy" on page 244 et seq, presents an understandable account
of modern photometric methods. For a summarizing article, with
extenslve bibllography of the early development of photometric
methods, the reader is referred to the "Journal of the Optical
Socliety of America' (2).

Commerclally avallable microphotometers for use in spectro-
chemical analysis are as followsi=

Adam Hilgér Ltd. Non-Recording Photo-Electric
Microphotometer

Applied Research Laboratories Projection Type
Photo-Electric Microphotometer and Comparator

Balrd Assoclates Null Type Microdensitometer

Leeds & Northrup Company Recording Photo<Electric
Microphotometer
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University of Michigan (Leeds & Northrup Company)
Non-Recording Photo=Electric Microphotometer

All of the above instruments, 1f carefully regulated volt-
age supplies are avallable, perform measurements with remarkable
precision and rellability. There has been a recent trend to
construct microphotometers employing smaller and smaller entrance
’apertures for the photo~electric cell, in order to measure narrow-
er-spectral lines. In the wrliter's opinion, this is a serious
mistake, From considerations of the resolution of the photo-
graphic material,.the slze of the 1lluminated area on the photo-
electric surface'and fatigue therefrom, mechanical constructions
of the photometer and the 1llumination systems required, the
measurement of narrow spectral lines is to be avolded. The slze
of the line image projected on the plane of the entrance slit to
the photo-cell should not be less thah 1-1/2 to 2 millimeters
wide. The width of the entrance slit should be of the order of
40-50 per cent of the projected image width:.

Since the photographic material has finite resolving power
and graininess, magnificatlion in the optical projection system
of the micrdphotometer cannot exceed 25«30 without troublesome
errors due to these factors., Consequently, to secure a line of
usable width, the slit on the spectrograph should be opened as
wide as possible without overlapping of the lines and without
increasing the background unduly,

D. "Direct Reading" Photometers
| During the past few years several "direct reading" spectro-
graphic instruments have been developed ﬁhich“eliminate the photo-
graphic recording entirely. The photometer is actually an ine
tegral part of the spectrograph and employs phétd-electric cells
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to receive the radiation. Such instruments have been described
by Dr. G.H. Dieke of the Johns Hopkins University (3), Dr, M. F,
Hassler of the Appiied Research Laboratories and J. L. Saunderson,
V. J. Caldecourt, E, W, Peterson of the Dow Chemical Company,

(4) and (5).

These lnstruments are all complicated installations and
are adaptable only to specific analyses on a routine basis, Un-
less the number of samples belng handled 1s extremely large, the
convenience and time saved by the direct reading instruments do
not Justify their extremely high cost,

The future of the "direct reading" spectrograph is limited
unless some devices are invented which will increase their flexi-
billity so that many types of materlals can be run with the simpl-
est of optical and mechanical'resetting. The photographic plate

will not be replaced for many years to come,
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CHAPTER V -
SOURCES OF EXCITATION

Except in the case of gaseous discharge tubes, all
sources of excitation for spectrographic analyses perform two
functions, namely, vaporization of the material in the sample
and subsequent excitatlion of the vapor to produce radlation,

From general considerations, requirements of a sat-
isfactory source of excitation can be enumerated as follows:

1. Volatilization conditions must be readily
reproducible,

2. Thermal and excitation conditions must be
reproducible,

3. The radiation produced must not be overly
complex or burdened with continuous back-
ground,

4, Mechanicallcontrol and electrical control
must be made with ease,

5. It must have wlde versatility of appli-
cation,

6. It must have a reasonable cost,
All of the presently known sources of excitation can be

listed under one of the following classifications:
1., YLow temperature" sources

a. Flames
b. Electric furnaces

26 Electric arcs

a, Direct current arc
b. Alternating current arc (relatively
low AC voltages and frequencies)

Se Electric sparks

a, Discharges produced by induction
colls and various interrupters,

b, "Condensed" spark employing high
AC voltages and dlscharges from
small condensers:

c. "Condensed" sparks employing low

voltages and discharges from large
condensers,
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' These sources differ in the menner in which energy is used
to volatilize the sample and in the amounts and types of energy
supplied to the atoms before radiation., The mechanical con-
~ gtruction and/or electrical characteristics likewise differ
appreciably. Each of the above designated types has found appli-
cetion in some specific analysis for which it has been admirably
sulted,

However, only four of these sources have found any wide-
spread application. In the followlng diséuseions these four,
namely, the direct current arc (type 2a), the alternating current
arc (type 2b), the high voltage condensed spark (type 3b), and
the "resonant! charging circuilt "arc-spark" (type 3c) will be
discussed in considerable detail. o ‘

1., "Low temperature' sources
a, Flames

A flame can be considered the luminous or non-luminous zone
of a controlled combustion of two or more gaseous materials,

The temperatures aﬁtained in flames are a function of the mat-
erials reacting, the amounts of materials reacting per unit
volume, and the nature of the surroundings. The usual temperae
ture range of flames lies between 1000° and 3000° C,, the latter
temperature being attalned only under special conditions with
the monatomic hydrogen or oxy=acetylene flame,

If materials of relatively high volatlility are introduced
into the flame, vapors of the materials will be produced, together
"with so-called low temperature spectral excitation, This excite
ation is purely thermal and arises from the disturbance of the
outer shell electrons only by thermal agitation and collision
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with adjacent atoms, Flames spectra arc, therefore, usually
simple.

The disadvantages of flame sources lie in thelr inability
to vaporize but a limited number of materlials, and in thelr
limited available potential for specfral exciltation, Only the
alkall metals and alkaline earth metals emit radiation in the
ordinary flames and but 30-35 elements are exclted in the
highest temperature flames,

It is quite difficult to admit controllable quantities of
semple into the flame, and rigid controls of volumes and presgw
ures of the reacting gases must be maintained., From the manie
pulative point of view the flames in general'are definitely une
satisfactory sources of excitation., However, Lundegardh (1),
employing an acetylene flame, has satisfactorily determined’
some 32 elements in salt solutions. Recently Cholak (2) of the
Kettering Laboratories has successfully employed the flame for
the analysis of the lnorganic components of many blological
materials,

The writer has used the flame on several occasions to de~
tect the presence of the alkalis, particularly potassium, in
the presence of appreclable amounts of iron, nickel, and similar
metals. In the solution of these metals and subsequent introducte
ion into the flame, advantage is taken of the selective:- behavior
of the flame, which only exclites the alkalis in preference to
the base metgls. Careful control of flame temperatures is ime
portant in this case, 1f the full -value of the method is to be
realized.

So far as the writer is aware, flames haﬁe not been used in

commercial laboratories for production control and probably will
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not be used in such a manner because of the greater versatility
of other methods of exclitation.
b. Electric furnaces

In furnace sources, the energy is usually supplied by elec-
tricity, although gases can be employed., Unless due precautions
are taken, a great degl of contihuous radlation is encountered.
‘Special glasses or entire apparatus of quartz must be used if
any radiation of lower wavelength is to be utilized.

The chief advantage of the furnace source is that it prod-
‘uces a simple spectrum with satisfactory spectral uniformity and
controllability. However, as in the case of flame sources, only
the alkall and a few of the alkaline earth metals can be excited.
Cleaning of the apparatus to avoid contamination and the mechanie
cal introduction of the sample offer the most prominent drawbacks
to the furnzce source, .

This source has been used in the investigation of thé
mechanisms of the excitation, as an aid in the analysis of compli-
cated spectra and for the study of atomic spectra at successive
stages of excitation. No commercial or industrial laboratories
have used the furnace as a source of excitation in ordinary
spectrochemical analysis,

2+ Electric Arecs
&, Direct current are

The direct current arc can be considered as a more or less
uniform flow of electrical energy between two electrodes, charac-
terized by a uni-directional continuous flow of electrons in the
outer electrical circult., The sample for analysis may comprise
one or both electrodes, or the sample may be placed in .a hollow

crater in either of the electrodes,
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The electrical clircult of the direct current arc is:
extremely simple, as shown in Figure I. Direct current power
preferably at 200-250 volts, from a generator or rectifier, is
supplied to the electrodes through a series reslstor and quite
often an inductance of high value. The former serves to limit
the current and the latter tends to stabilize relatlvely rapid
variations in the current.

A versatile direct current arc may ﬁave the following

ranges of electrical components:

Current 2 = 25 amperes or higher
Resistance 70 « 5 ohms
Inductance 5 -« 50 henries

‘'The voltage drop across the electrode gap is more or less
constant, independent of the current, and 1s a function of the
slze, shape and composition of the electrodes, as well as the
arc length and pressure of the surrounding gas. This voltage
drop across the electrodes varles from about 35 to 65 volts,

It is seen, therefore, that energies of the order of 100 to
2,000 watts can be supplied to the arc. o ‘

As a result of this energy dissipation, the electrodes be-
come quite hot, with possible mean temperatures in the main arec
of 3,000 to 8,000 degrees Centigrade. The equivalent temperature -
varies between the electrodes and is highest at the so-called
"cathode spot®, Temperature distribution for a 10 ampere arc
between 1/4" Graphite electrodes, spaced one centimeter apart,

have been measured as follows:

- 5,000° to 5,500°C,
- 4,000° to 4,500°C,
- 3,0000 to 3,3000C,
- 3,0000 to 3,5000°(C,
- about 4,0009¢,

Cathode spot

1/4% distant from cathode
1/2" distant from cathode
3/4% distant from cathode
Anode surface
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The positive electrode overall becomes much hotter than
the cathode, though the temperature of the cathode spot as indi-
cated above is appreciably higher. For this reason and for
general stability, if the sample is placed in the crater of the
lower electrode, or if one electrode only comprises the sample,
this electrode is usually made the anode.

From the foregoing discussion 1t can be seen that the dire
ect current arc fulfills the two primary functions of the source
of exclitation, It can supply copious amounts of vaporized mat-
erial into the arc column and can supply ample thermal energy,
as well as limlted electrical energy to the excitation of the
‘vapor produced, Moreover, the tempefatures attained in the dire
ect current arc are high enough to permit vaporization of almost
all materlials with the exceptions of a few refractory oxldes,
such as Al50z, Tag0g, and the like.

The radiation from the direect current arc varlies appreci-
ably in character at different points between the electrodes,
The reason for this is readily apparent from the foregoing dig-
cussion. The excitation of the atoms in the main arc column,
when not too close to the electrodes, is almost purely thermal,
In the proximity of both elecfrodes, spectral radiations due to
ionized atoms are noted, though generally much more pronounced
in the vicinity of the cathode, The direct current arc, there-
fore, produces both "arc" and "spark" lines, bearing in mind the
definitions of arc and spark, namely the former are due to exci=
tation of the neurtral atoms and the latter to excitation of>the
lonized atoms,

This variation in excltation has been used indirectly to
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measure the distribution of the potential across the arc, The
largest proportion of the voltage drop of 35 to 65 volts across
the gap occurs at the cathode layer, and to a smaller but apprecl-
able extent, at the anode layer, The drop across the main por-
tion of the gap is probably no larger than 5 to 10 volts, as evi-
denced by the fact that radiations due to the lonized atoms of

the more readily ionizable elements are not found in this region,

Because of the variations in temperature in the arec, and
because the arc can readily supply large amounts of vapor, vari-
able self-reversal effects may be noted, which may be objection-
able in analyses if not fully understood. Further, the cathode
spot, which is the seat of electron emlission maintaining the
discharge, 1s prone to wander about the tip of the electrode,
but can be satisfactorily stablilized by proper shaping of the
electrode,

IThe rates of volatilization of the various elements from
the electrodes differ widely, depending upon the elements them-
selves; as well as the matrix of the sample in question, This
- may also be sald of other sources of excitation but perhaps to
& lesser degree,

It is apparent from all the above, therefore, that the dir-
ect current arc is much more complicated than at first recognized.
It is somewhat surprizing that so heterogeneous a unit can be
used for spectrographic analysis. Nevertheless, the direct cur-
rent arc has found universal and wildespread application, Its
main advantages can be llsted as follows:

1. All the metallic elemente and the so-
called non-metals, such as Arsenic, Bor-

on, Phosphorus, Silicon, can readily be
detected and for this reason the direct
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current arc has no peers for quall- -
tative analysis, .

2. The 1limit of detection of most of the
elements 1s extremely low and it 1s
quite possible with this source to
detect fractional parts per million
of many elements directly. Even a
higher degree of concentrational sensi-
tivity is obtained by the use of the
cathode layer in a carbon arc, as
developed by Mannkopff and Peters,

. 3¢ It can be used for almost all types
of materials - conducting or non-
conducting, inorganic or organic,

No other source has such a wide field
of applications,

4, The unit is quite simple, inexpensive
and easily maintained,

In recent years the arc has been adapted to quantitative
analysls for an extremely diverse group of materials. If the
current is controlled through the arc within reasonable limits,
preclsions of the order of plus or minus 5 to 10 per cent of the
amount present can be obtained. From the writert!s personal exe
perience, the direct current arc has been used to spectroe
graphically analyze Aluminum, Magnesium, Zinc, Copper, Lead and
Tin alloys and for such materials as Syrupy Phosphoric Acig,
Alkalis, Rubber, mediclnals, pharmaceuticals and the like,
Samples in the form of large or small castings, drillings, mille
ings, shot, powders or pulp are adaptable to arc analysis either
directly or by the use of solution and/or dried salts technique,

It should be emphasized that in the use of the direct
current arc, as for that matter in other sources of excitation,
extreme care should be taken to reproduce mechanical as well as
electrical conditions for consistent and reproducible results,

The chemlical composition of reference standards and samples

should be nearly the same. Previous metallurgical condition of



metalllc samples becomes of minor importance in the’arc in
distinction to other sources, particularly the high voltage
spark,

To summafize, 1t can bé stated that the direct current arc
ls extremely variable in many respects, but it is nonetheless
sufficiently reproducible overall as to be widely usable in the
field of both qualitative and quantitative spectrographic

analysis,

b. Alternating Current Arc

The alternating current arc can be defined as the electri-
cal discharge between electrodes characterized by periodic re-
versal of polarity. Alternating current arcs of low applied
voltages in the region of 100-250 volts are very difficult to
maintain, almost lrrespectlive of the type of electrode material
in use. Consequently, these low voltage alternating current arcs
have not been utilized in spectrochemical analysis, Duffendack
and Thompson overcome this difflculty by employing alternating
currents of much higher voltages, say 1500-5000 volts, Ordinary
60 cycle alternatingicurrent is used,

The wiring diagram of the AC arc is shown in Figure 2. It
consists essentlally of a step-up transformer with a primary
input of 110 or 220 volts and an output of 1000-5000 volts, with
usually not more than 1l0-2 amperes,

To 1limit the current in the secondary, & large impedance
must be used, This impedance can be all resistance, practically
all inductance or a comblnation of both, It 1s possible to use
an equivalent reactor in the primary to control the arc current,

‘but this is not recommended,
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Varlations in inductance in the secondary have a marked:
influence on the behavior of the arc and on the characteristics
of the radlation produced. In gemeral, 1t has been found that
a comblnation of resistance and inductance can be secured, which
constitutes the optimum condition for any given analysis. The
added advantage of the combination of inductance and resistance
over that of resistance alone does not warrant the additional
cost of the large inductance unit required.

In most AC arc installations, only secondary resistance is
employed. The; resistance itself is usually a bank of "cone"
resistors, commercially available for radisnt heaters. The
current can be controlled by adding or subtracting resistor units
as required. The arc may be initlated by closing the gap or by
using a third electrode. If the voltage is sufficiently high,
an initiating dlscharge may render the gap conducting, In this
event, the electrode spacling must be quite small, of the order
1 - 1-1/2 millimeters.

Since the transformer voltage 1s varylng sinusoidally,
generally 60 cycles per secohd, there will be times when ‘the
voltage across the ¢1ectrodes is zero and the arc will be ex-
tinguished. Actuaily the arc is extinguished when the applied
voltage falls below the sustaining voltage, which is low and is
dependent upon several factors, such as eledtrode material, ave
erage arc current, surrounding gas pressure, etc,

The arc 1s struck once more when the voltage rises again
on the opposite polarity. The value of this breakdown voltage
depends upon the temperature of the arc and the residual ioni-
zatlion remalning from the previous half cycle. Once the arc

strikes, the voltage . drop across the gap becomes almost instante-
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aneously 40-50 volts, the remaining voltage appearing across the
resistor bank. The voltage across the gap remains more or less

constant at 35«60 volts during the remaining portion of the half
cycle until the applied voltage drops below this value,

The higher the transformer voltage the sooner the arc will
start. Consequently current éontrol by means of reactances or
resistances in the primary transformer is not recommended., Only
2-1/2 - 5 per cent of the total energy is dissipated in the gap
(250-500 watts), the remalnder being used up in the ballast re-
sistor. The AC arc, therefore, 1s a very inefficient unit, but
this 1s of little consequence since the total electrical energy
consumed in the average spectrochemical laboratory ls very small,
comparatively.speaking.

In practice it has been found that the spacling of the
electrodes has a marked effect on the spectral intensity and on
the ratlo of intensities of spectral lines., Therefore, 1t bee
comes necessary ﬁo position accurately both electrodes after or
before the arc is initiated. If the former, some means must be
provided to initiate the arc either mechanilcally or by a high
frequency discharge. Modifications of this high frequency dlise
charge inltiation were employed by Pfellsticker (3) who inducte
ively coupled a high frequency circult with a léw voltage AC or
DG circuit,

If direct current is employed, the coupling with the high
frequency initlating circﬁit actually gives rise to an interw
mittent direct current arc whose characteristics are very simi-
lar to those of the ordinary direct current arc. With further

development of the so~called "peaking" transformers, self-initi-
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ating AC arcs will undoubtedly be developed which will have une
usual stable electrical characteristics, For the present at
least, the élternating current arc with the high voltage trans-
former appears to give most troubléfree service,

The main advantages of the alternating current arc are simi-
lar in most respects to those for the direct curfent arc, Because
of the intermittent characteristlcs of the AC arc, the statistical
averaging of the variable conditions appears to glve somewhat
better overall reproduclibility than with other arcs. It has grown
widely in popularity among spectrographers as an intermediate
between the direct current arc and the high voltage spark in
simpliclity and operatidn and with obtalnable precisions lying be-
tween these two sources,

3. Electric sparks

There 1s no single satisfactory definition for an electric
spark, since they can be produced in several different manners,
Attempts have been made to define so-called electric spark
sources for spectrographlic analysis in terms of the spectral radi-
atlion produced, No such definition, however, has been accepted.
The Committee on Nomenclature of the Society for Applied Spectro-
scopy has offered the followlng as a workable definition for a
spark source: "A spark is the discharge produced between elec-
trodes by dissipation of energy from condensers"%, This defini-
tlon precludes sparks of the tyoe mentioned as 3a, namely, dige
charges produced by induction colls and various interrupters.

The matter is still far from settled so that there still remains
conslderable confusion among spectrographers as to what properly
-constitutes a spark. For the purposes at hand, the definition of
the Society for Applied Spectroscopy will be tentatively accepted,
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a, Discharges produced by inductlon
coils and various interrupters

As implied by the name, the energy for the discharge i1s ob-
talned from the stepped up effects of mutual induction between
coils or dielectrics, as in the old "static" machines., At most
the discharges are rather feeble and erratic and consequently
find little application in spectrochemical analysis. Sources
employlng the same general principles as in automobile ignition
systems have been investigated, but again the dischgrges are rel-
atively weak and are subject to all the variations in the mechani-
cally interrupted circuit.

The development of spectrochemical analysis in the period
1850 to 1900 coincided with the development of means of produc-
ing electrical energy. Hence any new methods of producing
controlled electrical discharges were immediately applied to
spectrochemical analysis. Only the induction coills and the
mechanlical interrupters found useful applications, but soon after
the turn of the century were displaced by the so-called condensed
sparks, They are only mentioned here because of their historical
significance,

b. “Condensed" spark employing high
AC voltages and discharges from
small condensers '

The condensed spark has already been defined above., The
spark 1s produced by the discharge of energy from a condenser
connected in parallel with the secondary of a step-up transformer
and in parallel with the electrodes which carry the test sample,
In addition, variable reactances and resistances are usually place
ed 1n the oscillatory discharge circuit formed by the condensers
and the electrodes. Conventional wiring diagram is shown in Fige

ure 3,
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The range of the components used in condensed sparks for
spectrochemical analysls can be listed as follows:
Transformer: 110 or 220 volt 60 cycle AC primary

10,000 to 50,000 volts secondary
«4 to 10 kva

Condenser: <001 to .1 micro-farads
10,000 to 50,000 volts _

Reactance: 0 to 5,000 micro-henries

Resistance: 0O to 100 ohms

In operation the condenser 1is charged on each half cycle,
to the point where the voltage is sufficlient to break down the
gap between the electrodes. An oscillatory discharge current
then flows between the electrodes. Initial value of this cure
rent, neglecting ohmic resistance, is given by the equation:

i -'evfji—
. o
where "e" 1s the voltage across the condensers at the instant of
discharge, "C" the capacity of the condenser in farads and "L¥
the value of the series inductance in henries. This initial cur-
rent if the resilstance is low, may be several hundred amperes,

Once initiated the current flows in an oscillatory manner
between the electrodes, decreasing in magnitude until all of the
energy has been dissipated in the electrode gap and the equie
valent resistance of the circuit. The magnitude of the current
is limited by the equivalent resistance and the rrequeﬁcy is
determined by the equivalent inductance and capaclilty in this por-
tion of the spark circult, Neglecting ohmic reslstance, the
frequency 1s given by the conventional equation

-1 Yic
2r
where "f¥ 1g the frequency.

With low inductance the discharge 1s highly damped, or in



o4

other words, the magnitude of the current oscillations decreases
rapldly until extingulished. 1In this case there may be but two or
three osclillations only in the discharge train. With higher values
of inductance, the damping 1s less pronounced and there are seve
eral more oscillations in the srain, thus providing a more "arc-
like" discharge., With higher inductance, however, the overall
light intensity from the source is reduced.

The transformer must be of sufficlent size to charge the
condenser to the expected voltage, otherwise full use of the avail-
able power wlll not be had., Since the current required by the
condenser is given by

I = 27 £CE

the minimum power rating of the transformer becomes

W=EI = BI'CEZ.
This does not take into account transformer power losses or the
direct energy drawn by the spark during thé perliod of oscillatory
dlscharge. Since the period of discharge is of the order of a few
micro-seconds, the latter is negligibly small,

In.general the sparks, because of the initial high current,
have equivalent temperatures much higher than those of arcs. In
many cases the apparent temperature may be as high as 10,000 to
15,000 degrees Centigrade. The effective temperatures produced,
and hence the excitation produced, increase with increasing volte
age across the condensers and with increasing condenser capacity,
slnce both of these increase the current density of the discharge,

The nature of the osclllatory discharge may be appreciably
affected by the actual temperatures of the electrodes, type of

materlal of the electrodes, residual ionization, and other factorsg
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The first surge is usually more- reproducible from discharge to
discharge then are the remaining waves of the oscillatory train,
¥oreover, the actual voltages at which the gap breaks down are
not sharply defined because of the factors already enumerated.

Greater uniformity and reproducibility willl result if the
discharge can be made to start at the same point on each half
cycle. This can be accomplished by placing in series with the
analytical gap a synchronous switch which, in reality, is a
rotating gap, fixed electrodes of which can be rotated through a
wide angle. It is thus possible to initiaté the spafk at any
point on the charging cycle of the condenser, providing the volt-
age 1s higher than the breakdown voltage of the gap. If properly
designed, the time during which the rotating electrodes of the
synchronous switch are opposite the fixed electrodes will allow
only a predetermined number of oscillations in the discharge
circult. The synchronous gap thus can be made to serve two funce
tlons,

It has now become conventional to incorporate such a unit
in most condensed spark circults., Recently workers at the Unl=
versity of Michigan have found that a seriles gap, across which
blows a blast of alr, constitutes a satisfactory substitute for
the synchronous switch. In fact, 1t has been found thatlthls
simple unit, if Magnesium electrodes are used and a good steady
stream of air is supplied, 1s more highly reproducible than any
known method of control,

As already mentioned, the period of time of energy dissip-
ation between the analytical gap is very small, the order of a
few micro-seconds for each discharge. As a result each discharge

produces an almost exploslve emission of vaporized materials from

s
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the electrodes. The radiation emanating from the vapor then de-
pends upon the temperature attained as well as the decadent os-
clllatory discharge. The excitation is caused by thermal aglta-
tion as wéILas electron bombardment, with the latter predominate
ing.

Spectral characteristlcs of the spark are therefore depende
~ent upon the average energy given to the atoms in the gap by
collisions wlth moving electrons (and ions) moving under the
voltage gradlent existing between the electrodes. The energy
given up by an electron to an atom is the energy it can acquire
between colllisions. Thils 1ls determined by the voltage gradient
in the gap and the, average distance traveled between collisions,
The voltage gradlent in sparks will be higher than any other
type of source and cohsequently the atoms, on the average, are
exclted to higher energy states. The electron energies avalle
eble are usually sufficlent to produce lonization of the atoms
resulting in singly, doubly or evenvtriply lonized atoms, The
radlations therefore from spark sources are much more complex
than from flames or arcs,

It is imperative that overall electrical conditions be as
,‘uniform as possible in order that the radiation produced may be
satisfactorily reproducible, Although the effective temperatures
may be of the order of 10,000 degrees Centigrade, the actual
temperatures of the electrodes are usually not more than 200 fo
500 degrees because of the cooling off period between successive
discharges. The characteristics of the radiation appear to be
most influenced by the frequency of the discharge oscillations,
A small amount of inductance (which lowers the frequency) is

desirable in the spark circuit since 1t has been found to minie



o7

mize the excitation of lines due to air molecules which cause un-
desirable confusion and background in the spectrum. Increasing
the inductance beyond the minimum required to suppress alr lines
reduces the excltation of spectral of ionized atoms relative to
those of normal atoms. It 1s often sald that the spark becomes
more "arc-like" with increasing inductance, Adding resistance in
the oscillatory dilscharge circuilt appears simply to lessen the
overall energy in the analytical gap. The effect of inductance
and resistance on the spark excifation’of Aluminum is shown in
Flgure 4.

The spark as a source of excitation 1in spectrochemical
analysis can be used directly on solid electrodes, providing the
electrodes are conducting. With non-conducting materlals it 1is
necessary to support suitable portions of the material in graph-
ite or other metallic electrodes or alloy materlal in such a way
as to obtain partically conducting solid electrodes. This can
be accomplished by mixing the non=-conducting material as a powdef
with powdered graphite or metals, and compressing or sintering
the resulting mixture into a solid electrode,

If the samples are mixed with suitable materials which-
serve as the matrix and thus minimize the effects of variable
composition in the samples themselves, the spark is a more re-
producible source of excitation in general because of the
‘statistical averaging effects obtalned during average exposure
times. The individual discharges may account for wider spectral
variations than for similar short period varlations in the AC or
DC arc.

It should be pointed out that the discharges occur between
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relatively small areas of each electrode. Moreover, the depth of
material effected is but .001 to ,003 inches. Segregations or
variations in micro-constituents therefore become a serious
problem in spark excitation. It is quite possible to have micre-
components which contain relatively high volatile material %o
serve as focil of the spark discharges. These areas will then be
effected more than the surrounding less volatile material. The
metallurgical character of both samples and standards must be
malntained equivalent if the spark sources is to be used for
conglstent spectrochemical analyses. This point cannot be over-
emphasgized since the majority of serlous errors in spark work
can be traced to the metallurgical character of the sample.
Recent experiments by Dieke (4) at Johns Hopkins University,
employing multiple target oscilloscopes, have shown that the
short period spectral intensities do not correlate directly with
elther current or voltage. Nonetheless, 1f the electricel condi-
tions are malntained constant, statistical sveraging of the light
intensities over a thousand or more dlscharges produces integrated
exposures of reproducible application., It can be seen that there
i1s a minimum exposure time for spark excitation. It has been
shown that the statistlcal averaging effect is not comparable une
t1l after the specimens have been sparked for a perlod of time,
Thie period varies with the matrix element as well as the come
ponent desire@. Ten seconds have been found satisfactory in the
majority of cases and it is common practlice 1n spark analyses to
employ this as a "pre-spark" period. Incidentally, this "pre-
epark" period was found empirically and was used long before
Dieke's work,

The following can be stated as a summary of the advantages
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and disadvantages, as wll as fields of application; of the con-

densed spark:

1.

2.

4.

Se

6.

7

It 1s a very reproducible source which
can be applied to analysis of all con-
ducting materials and to a variety of
non-conducting substances.

It can be made up of relatively simple
and inexpensive components, but if all
the refinements and controls are added,
the cost of the equipment becomes an
appreciable factor. In this respect,
it is definitely more expensive than
elther the flame or the arcs.,

- It 1s better adapted to the analysis

of minute amounts of material (support-
ed on the surface of sultable elec-
trodes) or to the analysis of a local-
1zed area on a metallic surface with-
out disturbing the remainder of the
specimen,

It is better suited to the analysis of
low melting point alloys which serve
as electrodes,

It can be used directly for the analy-
8ls of solutions since the electrode
temperatures are relatively low. The
solutions can be introduced directly
into the spark or sprayed between the
electrodes (See Chapter VI~ Methods

of Introduction of the Sample),

The senslitivity of detection is not as
great as for the arcs, and spark exci-
tation must be limlited therefore teo
alloying elements or impurities in
relatively large concentration,

Under special conditlons the spark maey
be used for the analyses of such high-
ly negative elements as Carbon, Sulphur
and the halogens,

c. "Condensed" sparks employing low
voltages and discharges from large
condensers,

When the writer became interested in spectrochemical analy-

sls in 1933, there were no commerclally avallable sources of



(1)
)
(3)

@

- (8)

~f(6)

(7
, B%F Cheke Coils 42 turns, average diametex'- l% inch

(8
(9)

(10)7.Resistor (aux. circult) 50 ohms,, 100 watts.;f
(11) v |
f’(lgjd'Transformer { neon type . 110-2000 volts, 0.5 mllllamps.

,(13)‘.
(14}_

s

<16>ﬁ

B Note.,

, FIGURE 6

ARC*SPARK SOURCE - W:.ring Diagram

_ Power Switch __i”" Double pole w/ holdlng coil.
'Controliﬁesistor_ f ﬂ0-20 ohms, 19-5 amps. ' “' B
-,HbF;Cnoke'Coil s ;'.'175 turns, 3 layers, average o

‘diameter - 3% 1nches.»j‘

'IrOn-cored‘Inducténce 9 sq.kln.ylamlnated iron

- core, 0.012 henrles.

‘jCondenserfBenk=fl 16 - 10 mf. condensers, ) in series

. with 2 geries groups in parallel,
. - glving equivalent capacity of 10 mf.
~on_each switch with a total of poss—

, o -ible 40 mf o :
Coupled Coils '»»*’Primary 2k turns,- secondary 53 .
(Tesla Coil) - - turns. Made. of‘k inch copper tub:ng.n

"Navy-tyue" Condenser 0. 0008 mf. 40 OOO volts..ns_

Neon-type Transformer ‘ 110-15,000 volts, 60 millismps.,'dp

secondary current. -

,Resistor (aux. circult) 0-40 ohms, 5 amps.,v,*

secondary current.‘

Mbrcury Vapor Lamp : thln tube type ultra-vzolet lamp

Synchronous Gap 'i Sync. ‘motor < 1 H.P. 1800 rpm.

“Tungsten e1ectrodes.~~ '..

ResiStancedBank " Cone type resistor, 20 ohms each.
S - ‘Possible Trange, 0-160 ohms.fp..

;Inductsnce’Bénkd ‘ Copper wire wound co1ls, producing

. approx. 27, 3, 399, 655, 2200 and ---f‘f'*
;4000 mh, | | SR

Cathode Ray Osc:lloscope S o N e
The condenser bank (5), the inductance 'bank (16),

. the resistance bank (15) are all in series with the main or

~analytical gap, and with the latter constitute the analytlcalv_ e

‘, 080111atory discharge circult._
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’;excitation except the direct current arc.. The sparks, though used
' in many laboratories, had not been developed to any degree of
| satisfactory performance which they now enjoy. In general no ‘
completely satisfactory system of excitation had been deVeloped

A new idea not previously adapted to spectrographic sources
was conceived The unit was originally dubbed “disruptive spark“
which was really more descriptive_of_the'noise “of the,sparkjthan; |
of'the’nature of‘thehactual'discharge. The original unit has_
»gbeen described previously in University of Cincinnati theses (5).
A wiring diagram of the original unit is shown in Figure S ;

‘Recently the unit was completely revised enlarged and
incorporated with more desirable control features. A complete ';t
‘wiring diagram is shown in Figure 6.; The circuit can be divided -
~as shown by the dotted line into two parts, namely in the main ;'i.

| -~ ecircuit above and the: auxiliary circuit below.

~ Each circuit is essentially a. condensed spark inductively
coupled through the induction-coupling coils, “tesla coil“ (6)
figure 5, or “coupled coils“ (6) figure 6.‘ The “iron cord induct-
'vance in the main circuit in series with the condenser bank ‘forms-
a partially resonated charging circuit ror the condensers.‘ The--~fl
lcondenser bank, together with the series inductance and resist—h_r,V

~ance and the analytical gap,_form an oscillatory discharge cir~ L

'cuit The maximum voltage developed across the condensers is ._4kwf,lﬂ

‘»far too low to break down the main analytical gap. o

| o The discharge is brought about by ‘the high voltage induced 1
- through the induction-coupled coils from the auxiliary circuit.
The latter is a conventional high voltage condensed spark re=-

ceiving power from the same AC line. During operation,the,volt; j_ffi.
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a
age across the condenser bank (5) and hence across- the analyti—:i“'l
cal gap, builds up toward a maximum according to . the impressed
fSO cycle sinusoidal wave, simultaneously (but not- necessarily
ij in phase) with the vcltage across the condenser (7) and the
auxiliary gap. ‘The moment of discharge of the auxiliary gap isvg
‘;determined by the length and character of the auxiliary gap or |
by positioning of the rotating synchronous gap (14) In the
former instance the point of discharge relative to the main
*circuit varies appreciably and the relative phasing of the two
circuits by means of - the resistance (ll) and auxiliary gap elec-

trode spacing is definitely limited CIn the case of the syn- N -

‘:_ chronous gap, excellent control is obtained and the relative

phasing can be shifted 70-80 degrees by moving the “stationary“ ,ﬁ[f“'
. arms.< | ; b ",” . Lo ~,, v" | ,
. - When the auxiliary gap breaks down, the energy in the con-iff}ﬁ
V»denser (7) is then immediately discharged in the auxiliary gap, |
causing a high momentary current flow through the primary of the}i'
induction—coupled coils. The induced voltage in the secondary ot
the induction-coupled coils in turn breaks down the. analytical
- gap. The energy stored in the main condenser ‘bank. (5) is then
<‘dissipated in the analytical gap in a manner governed by then
‘electrical components of this portion of the circuit. .

' From the definition previously given, this discharge ini

~the analytical gap is a spark.. chever, the voltages (except

'for the low power of the induced breakdown voltage) are much 1ew- __‘

.er than for conventional sparks and the currents correspondingly
higher. Even these voltages, of the order of 250—1800 volts,
ifare very much higher than the ionization potentials of the ele-~
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: ments and the spectra produced are- typical spark-like in charac-

el ter, particularly if the inductance of the oscillatory circuit

is low.v;*~f o

- With increased inductance the discharge becomes less’ damp-

. ed and the spectra produced more arc-like.' What has been said

'v;in section 3b above for the sparks in general as regards ‘the -
character of the discharge applies directly to this unit |

| It appears that the effect or inductance is more pronounced'
1 in this unit than in the high voltage sparks and it 1s possible
to obtain almost completely arc spectra.' Very large values of

~inductances are required but even then the intensity of the radi-

- A,ation is still sufficient for convenient exposures. For this

‘dfreason the unit has been called the “arcnspark“ source.'
A fairly complete electrical evaluation of the source has
'Libeen made. Data obtained on the original unit (wiring diagram,
'Figure 5) employing direct reading instruments, is summarized ‘
" in the graphs of Figure 7, a and b The readings are only
| approximate since the sparking was quite erratic and ‘the needles
| of the instruments fluctuated markedly. They are included here
_only because work on methods of instroduction of the sample
(Ghapter VI) was carried out with the original unit
Data for the revised unit is presented in the accompanying

'tables. Oscillograms under certain settings were taken, showing
i-the voltage variations across the condensers (5) with time.
rThese are shown in Figures 8-12, inclusive.,
| The data 1s much too extensive for plotting. ﬁowever,fj
.‘some qualitative characteristics can be stated by observing the

. data and oscillograms as tollows. (the. The terms of capacity,
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I. IT.

III.

FIGURE 8

Oscillograms showing effects of induct-

ance in analytical gap discharge circuit.
Capacity constant at 30 mf., Added resis-
tance - C. Synechronous gap setting -~ 7.5.

I. Induetance -~ apprex. 27.3 mh.
n

' 4 . 399. 2
ITT. i " 655. .

IV, " i o "
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FIGURE ©

Osecillograms showing effects of resis-
tance in analytieal gap discharge ecirecuit.
Capacity constant at 30 mf, Residual

inductance - approx. 27.3 mh. Synchro-
nous gap setting - 7.5.

I. Added Resistance - approx. O. ohms,
IT. " " " 2.5 "
ITI. " " n 5.0 n
IvV. " " n 10 n

V . 11 n ”n 40 : n



III.

FIGURE 10

Oscillograms showing effects of resis-
tance in analytical gap discharge circuit.
Capacity comstant at 30 mf, Inductance
constant at approx. - €655 mh, Synchro-
nous gap setting at 7.5.

I. Added Resistance - approx. O. ohms.
”n n n

R 2.5 .
TEES " " n 5.0 "
iV " " " 10. "

V. " n " 40, n
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V. VI.

FIGURE 11

Oscillograms showing effects of various
positions of synchronous gap settings on
analytical discharge circuit. Capacity
constant at 30 mf, Induetance constant
at approx, - 399 mh, Added resistance -

I. Synchronous gap shunted out.

II. Synchronous gap setting - 7.5
ITI. " . " 6.5
I‘V 5 " n n 5 3 5
V 3 n " " 4 % 5
VI 5 ”n n " 3 & 5



FIGURE 12

Oscillograms showing effects of various
positions of synchronous gap settings on
analytical gap discharge circuit. Capac-
ity constant at 30 mf. Residual induct~
ance - approx. 27.3 mh. Added resistance-

I. Synchronous gap setting - 7.5
II' n n " 6.5
III. " 2 " 5.5
IV. n " L] 4.5

3.5

V " " n n
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inductance and resistance refer to those components in the iia‘n”’

analytical gap circuit )

1.

2,

4.

That in general the spark is more

erratic at "high power"

That more stable operation is EeC= _ .
ured at settings employing 30mf,

B capacity for the condenser bank (5).,,

: That most stable operation for range

of low to high power is obtained with

settings employing 20 mf, capacity,_gr{_Vi”"

but the energles supplied to the

analyticel gap are rather low and ex- B

posures become unduly long. BN

'That the maximum energy is supplied

to the analytical gap, for any fixed-
capacity-inductance-resistance sett=~
ing, when the synchronous gap is ad- =

- “Justed so that discharge of the
~analytical gap occurs at a point
" pomewhat lower than the peak of the

. ,voltage across the condenser bank (5).»

s

: -

«That, at 40, mr., it was impossible to
' obtain discharge of the analytical gap-

at peak of voltage without complete

readjustment of the synchronous switch;~

That addition of inductance causes ‘the

~discharge of the analytical gap to be .-
‘less damped (more oscillations) and to =
_ ~decrease the frequency of the oscilla— o
, tions, as predictable. ‘ '

That addition or resistance, even of

' 2.5 ohms, reduces the discharge to a .

single sharp voltage drop, with
apparently no oscillations. '

‘That as the inductance and resistance

are both increased the discharge

,;,appears to become very Similar to thatic'

- of an AG arc, -

Other characteristics of the unit, not readily deducible

frcm the data or- oscillograms, were observed during experiment-;:‘

ation._

s Aa.v

Among these can be listed the following.

The Sparking was somewhat erratic unc

~ less the synchronous gap was irradiated
with ultra-violet 1ight.
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b. At high power dissipations the spark S
. was somewhat erratic due probably to

variable conditions in the analytical
gap brought about by oxidation and -

- other changes of the electrodes. At
high values of inductance the coxidat-
ion on metallic samples 1is usually

- greater.i" : )

" Cc. As the synchronous gap setting was
- varled off peak, the voltage at dige
*. charge across the condensers (5) was
lowered, but the- voltage after the
_ discharge had died out rose to higher
- values. The explanation of this is.
not readily apparent.-

~ -~ de The shape and size, as. well as the
- spacing, of the electrodes in the
analytical gap had a pronounced influ-
. .ence on the general stability of the
-~ discharge, T

6. The perrormance of the unit withoht :
- the synchronous gap is much more ,
. . . erratic, at least as far as reproduc-
" ible electrical conditions in the
analytical gap are concerned

- f. The addition of a very little resis-
tance, 2,5 ohms or even less, steadies
the discharge appreciably. The enerw

- gles in the anagytical gap are lowered
~but.not to an unwarranted extent.

- g. The spacing of the auxiliary gap is
. not at all critical with the synchro-
‘,ncus gap in operation.

h, At 30 or 40 mf it is possible to ob=-
-+ tailn more than 25 amperes high freg-
-uency current in the analytical gap
circuit. This corresponds to a power -
- of more than 2 kilowatts., However, as
- mentioned above, the sparking is
erratic. Further, the exposures are
- 8o short that statistlical aVeraging
~ can not be .obtained,

The nature and variation of the surface attack with changes
in the capacity, 1nductance and resistance on-a metallic surfacc
are illustrated ‘in Figure 15 A & B The:specimen was an aluminum '
,allcy,disk and_the_ccunter electrode_was,1/4-inch graﬁhite rod -



ANNOTATION OF EXPOSURES

Figures 13A and B |

‘-A. Effect of changes of capaclty and inductance at _
'.constant resistance.’ Added resistance constant at O.

Exposure; Capacity R Inductance!'_ ' Exposure Tlme *
1. 4o mf. ”'approx.; o7 mh. 10 seconds.' .
2. ho.w o 399 - w 210 0w
. 4o = o 2200 - ® 10w
e 30 M w27 W 15 - 0w
6. 30 - 399 w15 w
Te 30" 0 " 655 ® 15 .n
. 30 m 2200 @ 15 m
9, ", .20 w. . n 27 ® 20
10, - - 20 ® Sw. 399 W 20 W
1. 20 ® @ . Bs5 w20 m-
" _]_2200 n S |

2. 20 W

B} Effect of changes of 1nductance and resistance at
constant capac;ty._ Capacity constant at 40 mf.

o - Added - N S L
Exposure : ~7,Inductance, .- Resistance - ° Exposure-Time %
1. epprox. 399 mh.  O. ohms.. '~ 15 seconds. -
2. STwlL 399 w. . 2,5 w15 w7
o ﬁ- S o oM -390 o m it vB,0 . w15
‘ AR 2399 & 10, M 15 m
o Be n 399 m 20, oM 15w
T " 655 W 2.5 . 20 "
8. u 655° " "H.0 . 20 - m
“"9e o 655 ™. 10, M 20 n
10. - n 655 ‘W .20, W - 20 "
- 11, w . 2200 n ‘0. W 25 _ m
12, n 2200 n 2.5 . W = 25 m
lg.v n 2200 ® "h.0. w25 n
o : a 2200 . " 10 % ... 25 ™
- 15. w2200 nvvppao. om0 25w

¥ - Pre~Spark constant at 10 seconds. -

**"e’Shutter on spectrograph inadvertently kept closed.;
.~ Exposure did not reglster on plate. L _

Exposure recorded on Eastman 33 Plates._ SPectrograph slit . -
50 microns. Baird 3 meter sPectrograph with 30 000 llne per
~inch. grating. : :
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: 1f,f,§;p;c,J a]4$‘g'
with a machined hemispherical tip of approximately 3/32 inch :
'radius.- Electrode spacings were maintained constant at’ about
l‘5 mm, - . B ' A _
| At a fixed value of capacity (Figure 15 A) the area of .
l:attack becomes more irregular, ‘the depth of attack increases and
the oxidation more extensive, as the inductance is increased _
With low values of inductance, the area of attack is decreased astll
the. capacity decreases, but the general character of the attack
_remains about the same. With higher values of inductance, how-;
‘ever, the. reverse happens and the areas of attack increase as the
capacity~decreases.i Under these conditions the oxidation appears
to be somewhat greater.a.f B » bv

“In Figure 13 B, the large deorease of the area or attack
with increased resistance 1s apparent. N
_ The spectra corresponding to the exposures above are shown
in Figure 14 A & B. The “air 1ines" and continuous background
viare pronouncedly dec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>