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CHAPTER I
INTRODUCTION
History
The use of a radio-frequency (r.f.) plasma as an
excitation source in emission spectroscopy is not a new
concept, but only recently has this method of excitation
been exploited as an analytical tool.

This technique

was first described by Gerlach and Schweitzer (1) in
1931> who used the Tesla coll as an excitation source for
spectrochemical analysis. Other early applications employing the Tesla coil were primarily the r.f. excitation
of gases at low pressures and of certain volatile solids.
Meggers (2) used the Tesla coll to do work on monochromatic emissions as a standard unit of length.

The Tesla

coil was also used by Zelikoff (3) to excite the vapors
of various volatile metals, by Corliss (k)

in the study

of volatile halides of non-volatile metals, and by Tomkins
and Fred (5) who worked with the rare earth and heavy
metal halides.
The need for Intense spectral lines free from selfreversals influenced the continued interest In electrodeless discharges, especially those containing alkali-metal
fillings (6,7).
In addition to the sealed r.f. discharge tubes used
by the early workers, there were the open end discharge

tubes which produced a flame-like brush discharge.

This

was first described in 1929 by Heinrich (8), but not
until more recent years has it been used as an excitation
source in spectrochemical analysis.

Asani and Hari (9)

described the spectrum produced by the brush discharge in
air.

Further developments and refinements were made us-

ing the brush discharge method; these include: a method
for introducing the sample into the discharge as an aspirated aerosol (10); a study of the sensitivities of the
alkali metals (11); an investigation of the discharge
temperature (12,13,1^); and an improved sensitivity in
the detection of a number of elements (15).
Recent work with improved techniques and more sophisticated apparatus has resulted in greater precision and
improved detection limits as is evidenced by the work of
V/est and Hume (l6) and Mavrodineanu and Hughes(17).
Corbine and Wilbur (18,19) developed an apparatus
designed specifically- for the production of a high frequency plasma by the use of a magnetron-powered source.
A similar instrument was also described by Schmidt (20).
Scholz (21) described an instrument powered by a trlode
oscillator tube in which the r.f. coil was constructed of
copper tubing which ended in a molybdenum discharge tip.
The tip was perforated so that a gas stream could be
passed through it to localize and stabilize the plasma.
Roddy and Green (22) described a 2450-i:ic magnetron driven
source of the Corbine-Wilbur design, and a 27,5-mc trlode

driven source of the Scholz design.
Purpose
The use of r.f. plasma as an excitation source for
atomic spectra is a relatively new approach to emission
spectroscopy.

Although previous investigations of the

elements using r.f. plasma excitation has covered a large
number of elements, these investigations have been generally limited to the qualitative identification and the
determination of the detection limits of the respective
elements.

There has been little work done on the quanti-

tative aspects of r.f. plasma excitation.
Up to now, the technique for Introducing solid samples into the plasma X'^as to dissolve the sample in an
aqueous solution and then introduce it as an aerosol.
The advantage of this method was its uniform dispersion
of the sample in the plasma, but it had the disadvantage
of energy loss due to the quenching effect of aqueous solutions.

Another disadvantage was the rather elaborate ap-

paratus required to introduce the aerosol into the plasma.
The purpose of this research was to determine if
quantitative spectral data^ could be obtained by the direct introduction of powdered samples into a plasma excitation source.

This study will be limited to the quant-

itative determination of sodium and potassium in limestone
and dolomite and the effect of some interferring elements.

CHAPTER II
THEORY
Plasma
The term plasma was first used by Langmuir (23),
when he was considering the special properties of matter
in discharge tubes. He tentatively advanced the idea
that such gases should be considered a fourth state of
matter, and he called this state a plasma.

Generally

speaking, a plasma is defined as an ionized gas which, depending on the degree of ionization, exhibits properties
similar to that of metals, semiconductors, strong electrolytes, and ordinary gases (23). More specifically, a
plasma is a mass of ionized gas in which the concentration
of electrons and positive ions are in equilibrium, a condition known as quasi-neutrality.

The plasma is composed

of an outside negative sheath, mostly of electrons, surrounding an inner positive core of heavier ions and particles (positive ions, neutral molecules, and excited
molecules).

The greater mobility of the electrons cause

them to move outward producing a thin negative sheath.

In

a true plasma, the volume of the inner region is large
compared to the volume of the negative sheath (22).
The existence of charge neutrality is due to the
nature of the inter particle forces which exist between
electrons and ions.

If the plasma column is composed of

k
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particles of one charge, the column would be disrupted by
the repulsive forces between charges of the same sign
(Coulomb repulsion).

However, if both types of charges

are present, a net cohesional strength results so that it
actually requires work to take one charged particle out
of such a mixture.

Thus, considerations of electrostatic

stability require that the plasma column be quasi-neutral.
In this aspect of charge distribution the plasma is very
similar to a metal conductor.
In reality, true stability in a static sense does
not exist where there are both free positive and negative
charges.

Since there is a tendency for charges of oppo-

site sign to recombine giving up energy in the process,
this energy must constantly be supplied in order to maintain a statistical stability.

Thus, the normal state of

a plasma is the constant renewal of energy by an external
field to replace the losses from radiation and other
causes.

The external field supplies the energy required

to accelerate the electrons and ions in the plasma channel.

The amount of work done on any given particle is

equal to the voltage drop which the particle experiences
(joules/coulomb = volts).

Both electrons and ions fall

through the same potential, but because the electron has
a smaller mass, it will do so much more quickly.

Thus,

the main recipient of the power supplied by the external
field is the electron.

The ions do, however, contribute

in a minor way to the total energy and assist In main-
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taining the requisite charge balance in the plasma.
The plasma-current density can, therefore, be written as the sum of the electron current and the ion current
in the following manner:
I = NgeVg + N^eVi

amp/cm^

where Ne is the electron number density, e is the magnitude of the charge of either electrons or ions, Nj^ is the
Ion number density, Ve is the electron drift velocity,
and Vi is the ion drift velocity, magnitude (24).
Electrons feed energy into the plasma first by
building up the velocity (the result of field acceleration) of the electron.

Subsequently, the electrons

transfer the energy they have acquired from the external
field to other particles in the plasma.

The amount of

energy transferred is proportional to the ratio of electron mass to particle mass.

The rate of collisions is

governed by the thermal velocity of the electrons in the
plasma field and the density of the gas so that the higher
the velocity of the electrons, the greater the energy
transfer.

Ions that have picked up energy from the ex-

ternal field and from electron collisions, in turn collide
with neutral particles and transfer energy to these neutral molecules.

Because collisions between ions and elec-

trons do not transfer appreciable amounts of energy, the
ions must depend on neutral particles for a convenient
heat sink.
The energy of the particles may be in the forms of

kinetic energy of translation, excitation or ionization.
This can be illustrated by the production of nitrogen radicals in a plasma:
N2 + e —»

N^ + 2e

N2 + e —>

N+ + N + 2e

N^ + e —»

N+ + N + e

(3)

N2

(^)

N2 + N2

(5)

N2 + 2N<«-

(6)

N2 + N

(7)

N + N ->
N + Ng —»
2Nf

^

N* -h N2 -»

at I6 ev
at 24.5 ev

(1)
(2)

where the superscript m denotes a metastable state and the
(*), an excited state.

Comparing Equations (1) and (2),

it is much easier to produce the ionized nitrogen molecule
than to dissociate the nitrogen molecule directly into an
ionized nitrogen atom and a free radical. Equation (4)
occurs only in a direct current discharge and competes
with Equations (2) and (3) which generate the nitrogen
atom.

This reaction is, however, differentially suppress-

ed in the condensed type of discharge in which high currents are maintained for very short periods of time. Under these conditions, loss of the nitrogen radical takes
place very slowly by the three body mechanisms shovin in
Equation (5). Associated with the production of the free
radicals under these conditions there is a long-lived nitrogen afterglow that lasts up to five hours under low
pressures.

The origin of this afterglow is believed to

come from the recombination of the nitroeen atoms to form
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an excited state of the molecule.

This state decays by

collision with other particles to an intermediate state
of higher angular momentum.

The intermediate state then

decays via the emission of radiation to the ground state
of the molecule.

The presence of particles other than

nitrogen causes the excited nitrogen molecule to decay
directly to the ground state without going, through the
intermediate state.
The boundary and the area surrounding the plasma
column are at much lower temperatures than the center of
the column.

Therefore, there is a tendency for the par-

ticles to acquire energy in the center fo the column and
to liberate this energy after they drift into the cooler
regions of the plasma.

The drifts that take place are

those associated with conventional diffusion, so that the
excited or ionized particles have high concentrations
where they are created and lower concentrations as they
move a-way from this region into the cooler parts of the
plasma,
A common source of energy loss is related to plasma
turbulence.

The smooth columnar flow of the plasma is

frequently disrupted by erratic motions involving appreciable portions of the plasma.

These disruptions mix

portions of hot plasma with the colder regions, thereby
leading to fluctuations in heat loss and disturbing the
electrical conductivity which alters the rate that energy
is pumped into the plasma by the external field.

These
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fluctuations are generally asymmetric with respect to the
axis of the column and lead to distortions in the current
pattern of the column.

Any such disturbance in the cur-

rent pattern is equivalent to placing a current loop
(coil) in the column.

Such a loop creates a magnetic

field which has a finite component cutting the column
current perpendicular to its axis.

This combination of

interacting magnetic field and column current produces a
force which tends to push the column current away from its
perpendicular axis.

The bending of the column away from

its original axis results in the cooling of the hot portions and heating of the cold portions .of the plasma so
that the fluctuation tends to be quenched.

On the other

hand, as the column bends, the magnetic field tends to increase on the side closest to the original axis.

This

field tends to keep the column moving in the same direction, further disinipting the plasma colimn.

Another ef-

fect is the disturbance produced on other portions of the
column not involved in the original disturbance.

The

force lines of the magnetic field of the original disturbances cut the force lines of other portions of the column
causing a decrease in effective conductivity and an increase in resistivity.

Additional power must be extracted

from the external power source equal to the product of the
back emf, produced by cutting the lines of force, and the
column current.

The additional power goes Into stabi-

lizing the plasma column.

Since plasma columns are in-
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herently unstable, much of the energy from the external
power supply goes into stabilizing the plasma column.
A plasma column undergoes relaxation in going from
an unstable state (such as plasma turbulence) to a stable
or steady state. V/hen this state is reached, dynamic
equilibrium is said to exist.

Introduction of any par-

ticle Into the system disrupts this equilibrium.

Colli-

sions occur between the particle and the plasma particles,
and energy is either exchanged or emitted as radiation.
Finally, relaxation takes place, the Injected particle becomes part of the collisional routine of the other particles, and the system is again In equilibrium.
The plasma used in the research for this thesis was
generated by the radio-frequency excitation of argon.

The

reactions believed to be occurring in the plasma are as
follows:
e + A -^

A* + e

(1)

A* + A + A —>

A§ + A

(2)

e + A -»

A+ + 2e

(3)

A+ + XY —>

AX+ + Y

(4)

A + XY+ ->

AX+ + Y

(5)

A + X*

(6)

A + XY*

(7)

A^t -f X -4
A* + XY -^

where X and Y are the components of any molecule (24).
Equations (1), (2), (6) and (7) are probably the principal
reactions taking place in the plasma since the ionization
of argon requires more energy (15.8 ev) than the excitation
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of argon.

This is especially true when a limited power

source is used.
After the argon atom is excited, it can collide with
any of the species present in the plasma stream,

V/hen it

collides with an atom or molecule of the test material.
Its excitation energy is given up to the particle with
which it collides, and the particle is in turn excited.
If the excited particle gives up its energy in the form of
electromagnetic radiation, the wavelengths at which these
radiations occur are used to identify the particle.
Atomic Excitation and Spectra
According to modern atomic theory, electrons exist
in discrete energy levels, and the energy of these levels
is the sum of the kinetic and electronic energy of the
atom.
state.

The lowest energy level is kno"wn as the ground
To raise electrons to higher energy levels, energy

must be supplied to the atom, the amount of energy required to raise an electron to a particular level is known
as the excitation potential of that level. An electron in
an excited state can also go to a lower energy state and
in doing so liberates energy in the form of radiation.
This energy can be expressed as
A E = hy
where/iS is the energy difference bet^veen the tvro levels,
h is Planck's constant, and v is the frequency of radiation.

The radiations occur at discrete waveleiicths and
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produce spectral lines at these wavelengths.
In addition to the single spectral lines formed from
the transition of an electron from one energy level to
another, multiple lines may be formed.
arises from electron spin.

Multiplicity

This electronic spin produces

a magnetic field; and between this magnetic field and the
motion of the electron in its orbit there is an electromagnetic interaction that affects the energy of the electron.

This effect depends on the size and direction of

the spin magnetic field.

The size of the spin field is

constant (the electron spin has a constant angular velocity) and the spin is either parallel or antiparallel to a
reference field.

The reference field may be the magnetic

field of another electron moving in the same orbit, the
field of another spinning electron, or the field due to
an electromagnet.

The two values of the quantum number _s

associated with these two directions are +i for parallel
and -4 for antiparallel.

Single electrons produce dou-

blets, but two or more electrons have a more complicated
effect.

But, since the spin quantum number for electrons

can have only two values, the multiplicity depends on the
numerical values of the sum, S, of the spin quantum numbers.

Thus, the multiplicity is expressed by:
M = 2S + 1

where S is the algebraic sum of the Individual spin quantum numbers, s, and is always positive (25).
There are four quantum numbers associated vilth each
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electron:

n, the principle quantum number; £, the spin

quantum number; 1^ the orbital angular momentum quantum
number; and m, the quantum number representing the projection of the orbital angular momentum along any axis.
These quantum numbers are restricted to the following
rules:

n = integer; 3. = any integer smaller than n; m = a

positive or negative integer equal to or smaller than 1;
and ^ = ±4. The Paull exclusion principle states that no
two electrons in the same atom can have the same four
quantum numbers.

Thus, the Pauli exclusion principle and

energy rules as determined by the quantim niuabers definitely dictate the electronic structure of an atom or ion
(16).
It follows from the Paull exclusion principle, that
all the electrons in the same shell have the same value of
n.

Thus, as each shell is filled, the excess electrons

are forced into shells of high n (larger radius).

In the

case of the alkali metals the lower shells are filled and
a single excess electron is forced to occupy a higher level.

In this respect the alkali metals resemble the hydro-

gen atom, i. e., an electron in the field of a charged
central nucleus.

The spherical charge distribution of the

electrons in the filled shells acts as though the vjhole
charge were concentrated at the nucleus.

The various en-

ergy levels associated with the alkali metals correspond
to the various values of the quantum numbers of the sin^^'le
outermost electron; the quantum numbers of the other elec-
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trons stay fixed. The energy levels of the sodium atom
are illustrated in Figure 1.

-1
cm

-20,000

"30,000

—40,000

Figure 1.—Energy level diagram of sodium.

CHAPTER III
INSTRUI-SNTATION
In carrying out the work for this thesis, two different r.f. plasma torches were used.

One of them was a

commercial 10 megacycle (mc) source and the other a 27.5-mc
source similar to that described by Roddy and Green (22).
The 10-mc source was originally a high frequency
combustion furnace, the type used in analysis of iron and
steel samples for carbon and sulfur.

This furnace was

converted into a plasma torch by removing the sample loading mechanism and the atmosphere control piping, and replacing the combustion tube with a Vycor tube vflth
side diameter of 2 cm.

an out-

A machined Lucite cap, equipped

with inlets for argon and the sample feeding mechanism,
was fitted over the top of the tube.

The source operated

at a frequency of approximately 10-mc iTlth a power output
of 500 watts.

The power supply and torch assembly are

contained in one unit.

This torch provided a good source

of low energy power.
The 27.5-21C source was built in this laboratory and
is described elsewhere (27). The bulk of the quantitative
work was done with this instrument.
The one meter Cenco grating spectrocraph T^as used
with the 10-mc plasma torch.

This instrument has the

Paschen-Runge mounting and a replica cTatin^ ::ith a 1 Inch
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square ruled (25,000 lines/inch) surface.

The spectral

range of a particular setting is 38OO to 60OO A.

The en-

tire spectrum is covered with a plate factor of I6 A/mm
on a film 250 mm long.
corded on one film.

Three to seven spectra can be re-

The slit width is variable.

The 1.5 meter Bausch and Lomb grating spectrograph
was used with the 27.5-iiic plasma torch.

This instrument

also has a Paschen-Runge mounting with a 1 X 4 inch ruled
(15,000 lines/inch) surface replica grating.
range of this instrument is 370O to 6800 A.

The spectral
The spectinm

is recorded with a l4.8 A/mm plate factor on a film 200
mm long.

Using the Hartman diaphragm, four to seven spec-

tra can be recorded on a single film.

This instrument has

a fixed slit width of either 10, 30 or 6 o ^ ,
A field lenses arrangement employing three lenses
was used as the optical system for both spectrographs.
The lenses are arranged In the following manner:

one is

placed at the slit of the instrument, the second so that
the inverted image of the source is focused on the slit,
and the third at the focal point of the second.
ure 2.

See Fig-

The exact positions of these lenses can be cal-

culated using the equations
l/q2 = 1/fi + l/f2
or
1/f1 = 1/qi + l/q2
where ^2 eQ."^als the distance from lens one to lens tiro,
or the focal length of the l,ens combination; o^ equals
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the distance from lens one to the light source or grating;
tl

equals the focal length of lens one; and f2 equals the

focal length of lens two.

^Z
Figure 2.—A field lenses arrangement.
For the specific studies conducted, the optical system was arranged on an optical bench so that the first
lens (focal length 17.5 om) was placed 25 cm from the
plasma source.

The second lens (focal length 13.5 cm) was

placed 84 cm from the plasma source, and the third lens at
the slit of the spectrograph (focal length 18.0 cm) was
placed 104 cm from the plasma source.
The mechanism for feeding the sample into the plasma
is illustrated in Figure 3.

This mechanism consists of a

screw auger enclosed in a Pyrex tube with one end of the
tube inserted in an opening in the Lucite cap.

The pow-

dered sample is fed Into the plasma oj the auser, the
sample falling into the plasma from above.

This method

of sample introduction allows the sample to be added
at a controlled, uniform rate.

18

Sample Feed
Screw Auger

Argon Feed
Lucite Cap
Plasma Tube
Tank Coil

Figure 3.—Peed mechanism and plasma tube.

CHAPTER IV
EXPERIMENTAL PROCEDURE AND RESULTS
The Effects of Argon Flow Rate
The radio frequency plasma is maintained by a highfrequency, axial magnetic field in a tangential flow of
argon at atmospheric pressure.

The tangential inlet pro-

duces gas vortex flows of high velocity at the walls of
the plasma tube and low velocity in the center.

The re-

sulting recirculation of the hot gas is considered essential for maintaining the plasma (28),
The use of a tangential flow of argon presents two
inherent difficulties.

First, a vortex flow is generally

turbulent, and this turbulence Is drastically amplified
by minor distortions on the walls of the plasma tube. The
results are a reduction in the stability of the plasma.
Secondly, when powders are added to the gas flow, they
tend to be thrown against the inner wall of the plasma
tube.

The walls of the tube then become coated with the

powder, decreasing the transmlttance of the tube and devitrifying the Vycor (28).
As a result of the turbulent nature of a tangential
gas flow, the flow rate of the argon into the plasma tube
was found to be very critical In terms of plasma
and available excitation energy.
19
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VJhen the gas flov/ vras
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reduced to about 0.4 1/mln (liters per minute), the plasma
began to flicker; as the flow rate was further decreased,
the flickering became more pronounced, and the length of
the plasma stream steadily decreased.

At a flow rate of

approximately 0.1 1/min, the plasma stream formed a rapidly rotating spiral around the inside of the Vycor tube;
and, when the gas flow was completely shut off, the area
contained within the tank coil assumed a purple glow lasting for several seconds. This purple afterglow probably
resulted from the ionization of nitrogen from the air and
its subsequent recombination as discussed in Chapter II.
It was found that the spectral line intensities per
unit time decreased with decreasing gas flow as a sample
was introduced into a flickering plasma.

Also, as the gas

flow decreased, the spectral intensities became more dependent on the nature of the sample being introduced.
Such things as dryness of the sample, particle size, and
the rate that the sample was fed into the plasma became
Important factors. With an increasing rate of gas flow,
the plasma ceased to flicker, and the plasma stream became a vertical column down the center of the tube. The
plasma ended in a "brush like flame" either within the
tube or when it exhausted itself into the air, depending
on the flow rate of the gas and the leng^ch of the ~ube.
A longer plasma column could be made by increasing the
flov; rate of the gas or by lenc:thenin2; the tube.
There was a marlced decrease in the spectral line
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intensities as the rate of argon flow was Increased above
0.6 1/min.

There are three possible explanations for this

phenomena.

First, a fast tangential gas flow into the

plasma tube produces a vortex flow.

VJhen a sample is in-

troduced into the tube, the sample particles are pulled
into the gas stream and follow it into the plasma stream.
The faster the gas flow the farther the particles will
travel dovm the tube before they enter into the plasma
stream.

As a result, excitation and subsequent emission

occur further doxm the plasma tube as the gas flow rate
increases.

Since the spectrograph was focused on the same

portion of the plasma tube throughout these experiments,
one might expect spectral intensities to decrease as the
gas flow increases.

Obviously, emission is occurring in

a region of the plasma below that measured by the spectrograph.

Secondly, the fast gas flow does not allow local

high concentrations of excited particles to build up.

The

increased volume of argon moving rapidly through the r.f.
field allows only a small percentage of the argon atoms to
receive sufficient energy to become excited.

Thus, the

plasma stream contains a large percentage of unexclted
argon atoms, and an excited sample particle moving thirough
the plasma stream does not travel far before it collides
with an unexclted argon atom.

As a result most of the em-

cited particles transfer their energy to the unexcl-ced argon atomi. rather than emit this energy as detectable radiation.

And thirdly, if the number of particles -chat are
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excited is the same, regardless of the rate of argon flow,
the number of excited particles per unit length is decreased.

The result is a lower emission intensity for any

given area of the plasma tube.
It was found experimentally that the optimum argon
flow rate, for the particular conditions under which the
studies were carried out, was.0.5-0,6 1/min.

V/ithin this

range of flow rates, maximum spectral'intensities and a
stable plasma stream were attained,
Samole Prer>aration and the Effects of Koisture
Before introducing the samples into the plasma, it
was necessary to pulverize and dry the sample.

As pre-

viously mentioned, the spectral line intensities of the
sample were influenced by moisture content of the sample.
From studies made using flame photometry it has been determined that organic solvents cause a significant enhancement of the spectral sensitivities for most elements
when compared to aqueous samples of the same elements.
This increased sensitivity Is in part due to the increased
temperature of the flame from the added heat of combustion
of the organic solvent.

On the other hand, aqueous solu-

tions require heat to be vaporized and then add no heat cf
combustion of their own;
the flame temperature.

the net result is a lo77erlng of

In a like manner, -v^rien the sami.le

introduced into the plasma contains moisture, enerjy is
required to vaporize that moisture.

Since the moisture
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must be vaporized while excitation is taking place, the
total energy available for excitation is lessened by that
amount.

If the moisture content is too high, most of the

energy is used for its removal and little excitation takes
place.

It was found that the moisture content of the

sample was more critical when using the 10-mc r.f. torch
than it was for the 27.5-mc r.f. torch.

This difference

was attributed to the greater power output of the 27.5-mc
torch.

With the greater power output, more energy was

available to overcome the quenching effects of water.
Generally, the moisture problem was eliminated by oven
drying the sample before use.
Although the samples were dried before they were introduced into the plasma, they tended to cake into small
lumps, and fall into the plasma in this form rather than
the more desirable fine powder.

To eliminate this pro-

blem, dried graphite or carbon black was added to the sample.

This not only eliminated the caking problem, but it

gave an added bonus of increased emission intensities for
some spectral lines.

This increased intensity occurred

only when the 10-mc torch was used,

lu^^en the 27.5-nic

torch was used, the results from samples containing graphite and those without it were nearly Identical.
If no graphite v;as added to the samples of limestone
and dolomite, their introduction into the lC-m.c torch
produced only the sodium doublet at 5890 and 589o h.
3ut, if graphite was mixed with the samples, the lines of
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calcium at 3934, 3968, and 4226 A; magnesium at 5172 and
5182 A; and sodium at 589O and 5896 A appeared, although
generally the magnesium lines were quite weak.

The calcium

lines were very intense, usually much more Intense than
the sodium lines.

Lithium, which was added as an Internal

standard, shows spectral lines at 5602 and 6103 A with or
without graphite addition, but were more intense when the
graphite was added.

No band systems were observed either

with or without the addition of graphite or carbon black
to the sample.

However, the addition of graphite to a

sample introduced into the plasma of the 27.5-mc torch
produced CN and C2 band systems.
Photographic Film, and Film Processing
The film used in the Cenco spectrograph was Kodak
RS Pan fast red-sensitive and that used in the Bausch and
lomb spectrograph was Kodak spectrograph!c type 103-F. To
develop the films they were rinsed in water, placed in
D-I9 developer for 5 minutes, washed with agitation and
placed in Kodak F-5 acid fixer for 20 minutes.

The films

were then Trashed in running water for 20 minutes and
allowed to dry.
After drying, the spectra were analyzed and the line
intensities determined on a Bausch and Lomb densi-come-Ger,
Interference Effects of Sodium. e-ncL Pooassimm en Each Cther
To determine the Interference effects of sodium on
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potassium and potassium on sodium in a plasma excitation
source, the spectral line intensities of the two elements
were compared for several mixtures of NaCl-KCl. Samples
were prepared using potassium to sodium ratios of 2:1,
1.5:1, 1:1, 1:1.5, 1:2, and 1:3. The spectrum of each
sample was recorded, and the line intensities of sodium
at 5890 and 5896 A and potassium at 4o44 A were measured.
A graph plotting log I^aAK versus log ^Na/^K Is
shown in Figure 4. IK and Ijja are the relative intensities of potassium and sodium respectively.
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Figure 4,—The effect of potassium on sodium emission for various mixtures of NaCl-KCl.
The plotted line is virtually straight until the lovrer
portions of the line in the region where the concentratlor.
of potassium become larger than that of sodium.

In this
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region the line deviates from linearity, curving upward.
The upward curve Indicates that the value of log I^a/^K
Is slightly larger than that expected for a linear relationship of the spectral intensities of the two elements.
The larger value of log iNa/^K ^^^ ^^ accounted for in one
of two ways:

either (1) by a decrease in the value of

I K which would imply that sodium is suppressing the emission of potassium when the concentration of sodium Is
small compared to that of potassium, or (2) by an increase
in the value of I^a which would imply that potassium is
enhancing the emission of sodium when the concentration of
potassium is large compared to that of sodium.

Since

large concentrations of sodium did not suppress the emission of potassium, it seems unlikely that small concentrations would have any suppressing effect. Thus, potassium
must be enhancing the emission of sodium.
If the results using plasma excitation are comparable
with those obtained using flame photometry or a carbon
arc, one would predict that large concentrations of sodium
would not significantly enhance potassium emission if the
potassium concentration were greater than 0.01^, and large
concentrations of potassium would enhance sodium emission
if the sodium concentration were greater than O.Oi;©.

Since

the large concentrations of sodium did not seem to enhance
the emission of potassium and large concentrations of potassium did enhance the emission of sodium, it seems that
the results (for sodium and potassium) using plasma exci-
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tation are in good agreement with those obtained by flame
photometry or carbon arc excitation.
The Internal-Standard Method
The Internal-standard method involves the addition
of a fixed quantity of a selected foreign element to a set
of samples and standards alike.

Upon excitation, the

emission lines of both the internal-standard and the test
element are recorded on the film.

One can calculate the

amount of test element present in the unknown sample by
knowing:

(a) the ratio of emission intensities of the

test element line and' the internal-standard element line
in both an unknown sample and a standard sample; (b) the
concentrations of the internal-standard element and the
test element in the standard sample; and (c) the concentration of the internal-standard in the unknown sample
(29).
To determine the amount of sodium in samples of limestone and dolomite, lithium, added as lithium chloride,
was used as the Internal-standard element.

To each sample

of limestone or dolomite enough lithium chloride was added
so that the weight of lithium added was approximately two
percent of the sample weight.

Also, previously dried

graphite was added to each sample in an amount equal to
half the sample weight.

In a like manner a standard sam-

ple was prepared using National Bureau of Standards dolomite. Number 88.
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From the values of the ratio of emission intensities
of the sodium line at 589O A and the lithium line at 6IO3
A and the amount of soditim and lithium in the known sample, the amount of sodium in the unknown sample was determined by the equation:
Wi = ("R^^/Rg) X (W3/WZ^.) X (W2)
where R^ = ratio of emission intensities of sodium line
to lithium line in unknown sample
R2 = ratio of emission intensities of sodium line
to lithium line in standard sample
Wi = weight of sodium in unknown sample
W2 = weight of sodium in standard
W3 = weight of lithium in unknown sample
WZj, = weight of lithium in standard
In order to demonstrate the above method, the sodium
contents of the samples of limestone and dolomite were determined on the flame photometer.

These values were com-

pared with those obtained by plasma excitation.

See Ta-

ble I.
With the internal-standard method, a large number
of determinations were made so that an average value could
be accepted with a certain degree of confidence.

The

range of values shown for the Viola limestone was quite a
bit larger than for the other samples because this sample
was used in the preliminary work on the internal-standard
method, and the range reported includes all values from a
considerably greater number of determinations than were
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run for the other samples.
TABLE I
RESULTS OF THE QUANTITATIVE DETERMINATION OF SODIUM BY THE
INTERNAL-STANDARD METHOD USING A PLASMA EXCITATION SOURCE.
Plasma
Average Value
in Percentage
Concentration

Range of
Values

Percentage
as
Determined
by Flame
Photometry

Mound Lake Limestone

0.12

0.09-0.15

0.10

Seven River Dolomite

0.11

0.05-0.18

0.13

Gascanade Dolomite

0.11

0.09-0.15

0.10

Leadvllle Limestone

0.10

0,10-0.11

0.14

Viola Limestone

0.14

0.08-0.19

0.15

Sample

The Standard Addition Method
In the standard addition method, the net emission
readings are obtained for a test element in two samples:
one the unknown sample and the other the unknown sample
plus a measured amount of the element being determined.
The quantity of test element in each sample Is then determined from their measured emission intensities and the
standard calibration curve (29).
For the determination of sodium, a standard calibration curve was made using samples of known sodium content.

These samples were prepared from National Bureau
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of Standards dolomite. Number 88, by adding to a series
of the dolomite samples Increasing quantities of sodium
and an amount of graphite equal to one-half the sample
weight.

The standard calibration curve is drawn by plot-

ting log of the ratio of sodium emission intensity to
magnesium emission intensity versus log of the percentage
of sodium in the sample.

The quantity of sodium in an

unknown sample can then be determined from the measured
emission Intensity of the sodium line of the unknown sample and the standard calibration curve.

The following

relationships were used to calculate the unknown sodium
content (29):
Ll - kXf
L2 = k(X+S)f
L2-L1 = kSf
S = SaXf/Sf
where f = found
a = added
Ll = emission Intensity of unknown
L2 = emission Intensity after addition of standard
S = amount of standard added
X = concentration of unknown
k = constant
Preliminary investigation indicated that the sodium
lines at 5890 and 5896 A and the magnesium lines at 2802
and 2852 A would be the most convenient lines with x%'hich
to work.

Since the spectra were all determined using a
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grating spectrograph, both first and second order emission lines appeared on the spectrograms.

The magnesium

lines are actually second order lines and appear at 5604
and 5704 A.

These lines were chosen because there vrere

no other suitable lines in the vicinity of the sodium
doublet.

Calcium lines were present, but they were gen-

erally weak and unpredictable because of the suppressing
effect of the magnesium.
In order to use the standard addition method it was
first necessary to obtain a linear calibration curve.
Using the previously mentioned technique of adding Increasing amounts of the standard addition element sodium
(in the form of powdered sodium chloride) to a series of
the dolomite samples, a well defined calibration curve
was not obtained.

This is illustrated by Figure 5.

The most probable reasons for the non-linearity of
the calibration curve were the length of exposure times
required and the deposition of powder on the inside of
the plasma tube.

As previously mentioned, when a pow-

dered sample is fed into a vortex flow confined to a
circular tube, the fine powder tends to collect on the
inside walls of the tube and reduce the transmlttance of
the tube.

The exposure time required for the dolomite

samples was one minute.

Within this period of time the

Inside of the tube became completely coated with powder.
The resulting variation In emission intensity occurred
either from the nonhomogeneous application or the non-
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uniform rate of buildup of the powder coating on the
tube.

Consequently, the total recorded emission depends

on these two factors. Since these variables were not
controllable during analysis, usable emission intensities could not be obtained.
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Figure 5.—Standard calibration curve for the determinatlon of sodium by the standard addition method.
Since the long exposure time required for analysis
of the dolomite samples was responsible for the powder
build up on the plasma tube, a study was carried out to
determine if shorter exposure times would yield more consistent results. In order to use shorter exposure times.
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It was necessary to change the sample (dolomite or limestone) from the carbonate to the more easily excitable
chloride form,
A sample of limestone was weighed out and dissolved
in a small volume of 6 N HCl,

The solution was then di-

luted to one liter and divided into 100 milliliter aliquots.

To the series of aliquots was added increasing

amounts of sodium so that each aliquot had a different
concentration of sodium.
were:

The amounts of sodium added

5.0 X 10"-5g, 5.0 X 10-^g, 2.5 X 10-3g, 5.0 X 10-"3g,

0,02 g, 0.05 g, 0.10 g and 0.20 g.

The sodium was added

as a solution of sodium chloride.

The aliquots were then

evaporated to dryness, pulverized, and oven dried.
Prior to the determination of the sodium In the
above samples, it was necessary to determine the optimum
exposure for the various concentrations of sodium present
where exposure is a function of slit width and time of
exposure.

Since the samples contained large concentra-

tions of calcium in easily excitable form, the Increased
calcium emission was expected to reduce the exposure time
and/or slit width needed in the sodium analysis.

Table

II illustrates the detection limits and the effect of
slit width and/or exposure time on the emission of sodium
in limestone.
From the results of Table II, it Is obvious that as
the concentration of sodium increases, the slit vrldth
and/or exposure time must be reduced or the emission lines

become too intense to be measured.

In no instance could

the 60^-1-slit be used; the resulting sodium or calcium
TABLE II
THE DETECTION LIMITS AND EFFECT OF SLIT WIDTH AND EXPOSURE
TIME ON THE EMISSION OF SODIUM IN LIMESTONE
Percentage
Sodium

Percentage
Transmlttance
of Sodium
at 5890 A

Percentage
Transmlttance
of Calcium

5.0 X 10-5

none

10

60

10

5.0 X 10-^

>95

10

30

20

5.0 X 10-4

94

61

60

10

2.5 X 10-3

•795

50

10

10

2,5 X 10-3

95

59

10

20

2.5 X 10-3

91

52

30

10

2.5 X 10-3

87

51

30 •

20

2.5 X 10-3

68

10

60

10

1.0 X 10-2

85

74

10

10

1.0 X 10-2

80

78

10

20

at 3968 A

Exposure
Slit
Time
Width
in
in
Microns Seconds

lines were generally too broad and Intense to be measured accurately.

For sodium concentrations around 0,005Cc-/^

the 30yA,slit can be used with short exposure times. But,
for concentrations greater than 0.005^, it was necessary
to use a 10^^slit with a short exposure time.

In deter-

mining the spectra of the limestone samples that were dissolved in hydrochloric acid, a \OJM slit opening with a 10
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second exposure time was used.

In the determinations of

the spectrum of each, the powdered dolomite and limestone
samples not dissolved in hydrochloric acid, a 60yM, slit
opening with a one minute exposure time was used.

Thus,

the dissolution in hydrochloric acid rendered the samples
more easily excited, but involved an extra preparative
step.
Large concentrations of calcium are reported to have
an enhancing effect on the emission of sodium, and the
increasing concentrations of sodium are reported to show
a suppressing effect on the emission of calcium.

The en-

hancing effect of calcium on sodium was not evident here,
but the suppressing effect of the sodium on the emission
of calcium was apparent.
After the preliminary investigations for the selection of optimum working conditions the spectra of the
series of limestone samples previously dissolved in hydrochloric acid were photographed.

The spectral Intensities

were measured for sodium and calcium at 5890 and 3968 A
respectively, and a calibration curve was made by plotting the log of the ratio of emission Intensities of sodium
to calcium versus the log of the ratio of the percentages
of calcium to sodium.

The calibration curve is sho^vn in

Figure 6.
No particular difficulty was encountered In obtaining the linear calibration curve.

The problem of

powder deposition on the plasma tube which earlier plagued
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attempts to obtain a linear calibration curve seemed to
have been eliminated by use of the shorter exposure time.
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Figure 6.—Standard calibration curve for the determination of sodium in calcium chloride by the standard
addition method.
Potassium Analysis in Limestone and Dolomite
The spectrographic analysis of potassium was hampered by the inadequate spectral range of the spectrograph used.
6800 A.

The range of this spectrograph was 3700 to

Thus, the intense potassium, doublet at 766^ and

7699 A was not observed, so the analysis had to be made
using the emission intensities of the potassium lines at
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4044 and 4o47 A,
The potassium content of the limestone and dolomite
samples was 0.01^ or less (determined by flame photometry).

Since both calcium and magnesium,•especially when

they are present in large quantities, have a suppressing
effect on the emission of potassium, the intensities of
the potassium lines were very weak.
too weak to measure.

Usually, they were

Therefore, the internal-standard

method of analysis could not be used.
An attempt -was made to obtain a standard calibration
curve by use of the standard addition method.

To a series

of limestone samples (each weighing approximately 6 g)
were added the following amounts of potassium as potassium
chloride:

0.02 g, 0.05 S> 0.10 g and 0.20 g.

The spectra

were then photographed and the emission intensity of the
potassium line at 4o44 A was measured.
Little difference could be found between the emission
intensities of potassium in the various samples, that is,
the emission intensity of the potassium line was approximately the same for the sample containing 0.02 g of added
potassium as it was for the sample containing 0.20 g.
Therefore, it was impossible to obtain a standard calibration curve.
The small concentration of potassium in limestone
and dolomite and the suppressing effects of calcium and
magnesium prevented the quantitative determination of potassium under the experimental conditions described.

How-
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ever, it is possible that a quantitative method could be
obtained if the potassium lines at 7665 and 7699 A were
used instead of those at 4044 and 4o47 A.

The 7665 and

7699 A lines give a ten-fold advantage In emission Intensity over the 4o44 and 4047 A lines; therefore, they
would be more sensitive to concentration changes.

Thus,

although the suppression of calcium and magnesium would
still present a problem, selection of a suitable standard
and rigid control of the experimental conditions should
give quantitative results.

CHAPTER V
CONCLUSION
The quantitative determination of sodium by the direct introduction of the powdered samples into a plasma
excitation source was comparatively successful.

This

method does not have the sensitivity or the reliability
of flame photometry, but it does compare favorably with
carbon arc excitation.

As in the case of carbon arc ex-

citation the experimental conditions are very important
factors for successful analysis.

The argon flow rate,

moisture content of the sample, particle size, rate of
sample feed into the plasma, slit width of the spectrograph, and exposure time were all very critical factors
whose strict control -was necessary to obtain reliable results.
To improve experimental results, the following improvements in Instrumentation are suggested:

(a) a mech-

anized variable sample feeding device; (b) provisions for
an inert atmosphere in the sample feeding device; and (c)
a higher energy power source for the r.f, generator.

The

mechanized variable sample feeding device would give a
uniform, controllable rate of sample addition Into the
plasma.

The inert atmosphere (preferrably argon) would

prevent the sample from readsorbing moisture from the air
and would prevent air, and any contamination that it may
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contain, from reaching the plasma.

The higher energy pow-

er source would Increase the energy available for excitation.

This additional energy would make available an in-

creased number of usable emission lines and would reduce
the exposure time required for a given analysis.
Although only sodium and potassium were investigated,
the possible application of plasma excitation to the quantitative and qualitative analysis of other elements is obvious.

Likewise, the techniques used for the quantitative

determination of sodium are not limited to limestone and
dolomite but can be applied to a large number of mineral
and ore samples.
One of the important considerations when applying
plasma excitation to the analysis of sodium in other types
of minerals or to the analysis of other elements will be
the effect of other elements and diverse ions present on
the emission of the test element.

There is some indication

that some diverse ion-effects present in flames and arcs
are not present In plasmas. West and Hume (l6) reported
that two of the advantages of plasma excitation were the
absence of strong oxide and metal hydroxide bands and the
lesser importance of the sample matrix material.

They also

stated that aluminum and phosphate had no effect on the
emission Intensity of calcium and strontium.

In flame ex-

citation, these same element comibinations have strong suppressing effects.

However, there have been few other

studies on the effect of diverse ions.

Before any real

quantitative work can be accomplished, a complete study
Of the effects of diverse ions during plasma excitation
must be made.
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