Profiles of Pressure Broadened Spectral Linesin an Arc Plasma
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Spectral analysis of the alkali metals is characterized by pressure profiles. In the present work an
electric arc has been used to calibrate the half-width of the intensity used in the construction of the Arl
natural line at 4300 A with a trace of evaporated rubidium at pressures of 1, 2 and 3 atmospheres. The
results agree well with those obtained by Kusch’s line absorption equation in an electric furnace in
the point of view of impact approximation, showing that the widths of the lines have Lorentz shapes.
It is found that a simple treatment can be given using the quasi-static approximation of pressure
broadening developed by Unsdld. The agreement of the results is good only if the shifts are large. The
study shows that the pressure line profile is made up of a sum of dispersion profiles and asymmetric
terms which arise from interactions of quadratic Stark effect, commonly assumed to be the force in

causing foreign gas broadening.
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1. Introduction

Pressure broadening of spectral lines arises when an
atom, molecule or ion is emitting light in a carrier gas.
The study of this phenomenon is necessary for accurate
spectroscopic analysis, and it can yield useful informa-
tion about the conditions in the gas.

Pressure effects of some gases, especially argon, on
the second doublet of the principle series of some al-
kali metals have been reported by Watson and Marge-
nau [1], Ny and Ch’en [2], and Robin and Robin [3]. It
has been shown that the relationship between the shift
and the density of the gas is more than linear in a re-
stricted pressure range. The various results of other au-
thors [4—-6] on various other gas-alkali metals com-
binations in limited pressure ranges have not given a
clear picture for theoretical physicists.

Recently other authors [7], using the semi-classical
perturbation approach, have calculated the electronic
and ionic widths and shifts of several Ol spectral
lines by quasi-static approximations. The obtained data
were compared with the previous work of others [23].
Using Thomson’s scattering measurement in an argon
arc atmospheric pressure [8], it has been demonstrated
that its line width is much greater than the absorption
line width of rubidium, so it passes through the Rb fil-
ter into the spectrometer. For potassium vapor as per-
turbation, the Lorentz local-field [9] was used to mod-
ify the properties of a dense medium compared to iso-

lated atoms. It has been concluded that it results in the
Lorentz-Lorentz shift and a negative delay signal in
transient-four wave mixing. A set of new results of the
Stark broadening parameters of visible neutral argon
lines in a plasma of atmospheric pressure is presented
in [10].

Spectral investigations of alkali metal evaporation in
a gas plasma have been done theoretically and exper-
imentally [6]. However, no measurements have been
reported for the pressure profiles of excited state tran-
sitions using an alkali metal as perturber.

In special cases, where a plasma of high particle
density is needed, a gas stabilized high pressure arc
should be achieved. This could be easily started by a
high voltage discharge. In the present work observa-
tions are presented which make full use of Kusch’s
absorption line intensity [11] and statistical [12] the-
ories of pressure broadening to explain the pressure
profile of the Arl neutral line at 4300 A spectral line
with a trace of evaporated rubidium as the alkali per-
turber. The choice of argon and rubidium is motivated
by the recent interest in their spectroscopic properties.
Because argon is monatomic and relatively heavy, it
is often used in diaphragm-type shock tubes. Rubid-
ium, with its high vapour pressure and low ionization
potential, has many applications in plasma sources. It
should be pointed out here, that, since Stark broaden-
ing dominates the Doppler broadening, the line profiles
do not depend critically [13] on the electron and ion ve-
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locity distributions or the temperature, hence electron
densities can be inferred from the line profiles without
knowing the plasma temperature precisely.

2. Theory

The frequency dependence of line absorption coeffi-
cients is almost never determined by natural broaden-
ing alone, except at very low densities and great dis-
tances from the line center. Besides natural broaden-
ing, Doppler broadening is always present and dom-
inates the shape near the line center at low densities.
However, in dense plasmas these universal line broad-
ening mechanisms are often negligible, because the
line shapes are strongly influenced by interactions of
the radiating atoms or ions with surrounding particles.
Then one speaks of pressure broadening. The most im-
portant interactions are those between radiating sys-
tems and plasma ions or electrons. Because electric
fields are involved, this type of broadening is called
Stark broadening.

Excited atoms in a plasma are subject to the
quadratic Stark effect due to the electric micro-fields
generated by slow moving ions, and they experience
small changes in their excitation energies. Since the
interaction with other energy levels is repulsive, and
since there are usually more interacting levels above a
given excited level than below, the levels are normally
shifted to smaller values. This effect is normally much
more pronounced for upper levels of a transition, since
its sensitivity to the perturbing electric micro-field is
much greater than that of the more tightly bound lower
level. Therefore, the transitions are most often shifted
to lower frequencies, i. e., they exhibit red shifts and
a slight red asymmetry [14]. The distribution of elec-
trical micro-fields in a plasma due to the various ion
perturbed configurations not only leads to an effective
shift and width, but also introduces asymmetries in the
line profile which are superimposed on the symmetri-
cal electron-impact-broadened line shape.

To calculate the phase shift due to an encounter, we
will assume that:

o the perturber can be considered as a classical par-
ticle;

o the perturber moves on a straight line relative to
the atom with an impact parameter;

e no transitions in the atom are produced by the ac-
tion of the perturber.

Occasionally other interactions must be considered.
Interactions with neutral atoms of the same kind as the

radiating ones may give rise to resonance broadening,
if one of the states in the line has allowed transitions to
the ground state, and interactions with other atoms give
rise to van der Waals broadening. We have treated the
case in which the interaction of a radiating atom with
its neighbors consists of a succession of binary colli-
sions. Each of these encounters is assumed to provide
a frequency modulation of the form

ro(r) =2, )
where r is the mean perturbing distance, Cy, is the Stark
constant, and the index n depends on the nature of the
interaction, values of which are represented as follows:

n =2, linear Stark effect;

n = 3, resonance broadening;

n = 4, quadratic Stark effect;

n = 6, van der Waals interaction.

The relationships between n and the shift AAs and
the half-width A4y, of the spectral lines for each nare
tabulated in [15].

In addition to the above classification of the vari-
ous pressure broadening mechanisms, there is the di-
vision into impact (collision) and quasi-static (statisti-
cal) broadening. In the plasma medium, the free elec-
trons and the ions in the gas disturb the atom emit-
ting the light. In order to take into account the effect
of electrons and ions simultaneously, we apply the im-
pact theory [16] to the electrons. When a certain ionic
field is present, then we take the average result over all
ionic fields. Since the effect of the ionic field is usually
to split the line into a number of components, we are
faced with the problem of applying the impact theory
to a number of very close lines which, when broad-
ened by the electrons, will overlap, resulting in an iso-
lated line having a Lorentz shape. So, the line profile is
made up of a sum of dispersion profiles and asymmet-
ric terms which arise from interactions of the quadratic
Stark effect. The absorption pressure dispersion profile
given by Kusch [17] is written as

_T€N Az
e (Y

where f is the dimensionless absorption oscillator
strength, me and N, are the electronic mass and den-
sity, respectively, c is the velocity of light and AA is
the displacement from the line center.
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Fig. 1. Schematic diagram of the wall-stabilized arc with tungsten electrodes (from [17]).

On the other hand, if the broadening ions are as
heavy as argon, their motion can almost be neglected.
Then one can use both the adiabatic and the quasi-static
approximation. According to this theory, the electric
field of the ions splits the line through the Stark effect.

The resulting pattern is then averaged over all electric
fields with the appropriate probability distribution. For
higher densities, the simplest static theory is to assume
the disturbance Aw as being due only to the nearest
neighbour. Introducing the relation (1) and the normal
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shift Aw, corresponding to the mean distance of the
particle, where

4 n/3
Awo:Cnron:Cn<§7rNe) 5

Unséld [12] found that the intensity distribution is
given by:

3 ()" (B L
7 n\ Aw Aw Awp’
(€))

which gives an asymmetrical profile for a line. The
most important case of interaction in the pressure
broadening is the quadratic Stark effect, where n = 4.

3. Experimental Set-up and Procedure

Figure 1 shows a schematic diagram of the common
wall high stabilized cylindrical cascade arc developed
by Wiese et al. [17], in which four tungsten electrodes
are used. The local thermal equilibrium was obtained
by using stacks of insulated water-cooled copper disks.
The Arl 4300 A spectral line was generated in the arc
operated in argon with a trace of evaporated rubidium.
The central channel diameter of the arc is 4 mm, its
length 48 mm, and the arc current is operated at 60 A
through a 60 Q resistance at a pressure of 1,2 and
3 atm.

The gas mixture (0.3% Rb vapor and 99.7% Ar)
is fed at the midpoint of the arc channel. The de-
sired pressure within the arc is maintained by the aid
of manometers. Reabsorption of the line radiation in
cooler boundary layers has to be avoided within the
aperture in front of the anodes, using a special relay
system.

The plasma column of the arc was observed end-on
from the anode side, its enlarged image is focused onto
the entrance slit of a 2.5-m Ebert type spectrograph
with 1200-line/mm holographic grating, yielding a lin-
ear dispersion of about 1.6 A/mm. For measurements
of the arc radiation both the entrance and exit slits
are set at 45 um to produce an instrument-limited line
width of about 0.1 A. The electrical equipments are: a
photomultiplier tube EMI type 9781-3 No. 14402 and
a recorder from Fabric Linsies (Germany).

Deviations from the local thermodynamic equilib-
rium (LTE) were found to be negligibly small in the
investigated interval of the electron density (Ne). Ne

Table 1. Relation between K; and A4 at P =1 atm.

ALA O 02 04 06 08 1 12 14 2
K, 039 033 023 0.14 0.9 0066 0.048 0.037 0.019

Table 2. Relation between K; and AA at P =2 atm.

AL A 002 04 06 08 1 12 14 16 2
K, 1 067 0.33 0.18 0.11 0.075 0.057 0.039 0.030 0.019

Table 3. Relation between K; and AA at P = 3 atm.

ALAO 02 04 06 08 1 12 14 18 2
Ky 3.6 1.28 0.43 0.21 0.12 0.076 0.055 0.04 0.031 0.020

is calculated from the empirical relation proposed by
Pittman and Fleurier [18]:

Ne,m 3 = 3.31(AA;,) 14 10%,
Ay, is given in nm.

4. Results and Discussion

Taking into consideration that the mobility de-
creases as the pressure P increases [19], both the half-
width and shift decrease too. By the knowledge of
Ne ~ 10% cm=3, f ~ 1074, and substituting (2), we
have the absorption pressure dispersion profile in the
simple form

K, =9-107° Ay (4)
A 12.5(A4)% + (Ady,)?
AtP=1atm, AL, =1.6 A, so (4) becomes
_6 1
K, =14.4-10 (5)

125(A%)2+2.56°

Table 1 shows the relation between K, , in its fraction
part, and AA.
At P = 2 atm, the relation between the new half-

width and the first one (Ml/2> is 0.625:1. Then the

16
new Ay, equals 1 A, and (4) yields:

1
12.5(A)2+1
Table 2 shows this relation in the fraction part.
A .
AtP=3am, (“2) is 0.33: L Then Aky, =

0.528 A, and (4) becomes

K,=9-10"° (6)

K,=475-100°%— 7
A 510 12.5(A%)2+0.28 )

Table 3 shows this relation.
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Fig. 2. Line absorption profiles of Arl 4300 Avs. wavelength AA at 1, 2 and 3 atm (curves a, b and c, respectively) and the

Lorentz profile of the emitted line spectrum at 1 atm.

Table 4. Relation between I, and AA according to (9).

AZA 0 02 04 06 08 1 12 14 16 2
Iy 1 094 08 064 05 039 031 025 02 0.14

The measured profile of the Arl 4300 A spectral
line obtained by the photoelectric method has approxi-
mately the same shape as the dispersion profile without

shift. Since the line shape is symmetric on both sides of
the line intensity Ao, at P = 1 atm with A4y, = 1.6 A,
the dispersion profile equals the Lorentz profile in the
emission part. This profile is given by [20]

lo

14 [(A2)/(0.5A%,)]° ®

[
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Fig. 3. Line absorption profiles of Arl 4300 A with shift vs. wavelength AA at 1, 2 and 3 atm (curves a, b and c, respectively)
and the Lorentz profile of the emitted line spectrum at 1 atm.

where AL = (A — Ao — AAs), and the shift AZs = 0. For  Table 4 shows the relation between I (emission) and
maximum intensity |, equals to unity at Ad,, =1.6 A, AA according to (9).

and equation (8) takes the form Figure 2 shows the four profiles. The present re-

sults show that the experimental shift relative to the

L — lo ©) half-width (AAs/AA,) is 0.74 : 1. Therefore (5), (6),

A 1+[(AA)/(0.5~1.6)]2' (7) and (9) are rewritten with a shift according to
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Hindmarsh [21], where AL is replaced by (AA —1.2),
(AL —0.74), (AA —0.39) and (AA — 1.2), respectively.
Similarly one can use AA in the relations of K, and 1.

Figure 3 shows the three profiles with shift under
the different pressures plus the Lorentz profile of the
emitted line.

4.1. The Quasi-static Approximation

Under 1 atm, the unperturbed spectral line fre-
quency o equals 5-10%9 s~1. At 1, 2 and 3 atm, the
relative frequency separation (Amo/ @) equals 1, 0.49,
0.2, respectively. The corresponding wavelength sep-
arations A, are 0.049, 0.024 and 0.0097 A, respec-
tively, using the relation

1.9-10%°

12
The intensity distribution equation (3) in the three
cases becomes

2nc
Aa)o = FAAO = AA,O

(i) at 1 atm,
1
K, =7.6- 10*14Wexp [_0.1/(M)°-7ﬂ , (10)
(i) at 2 atm,
K, =4.45- 1014W exp [—0.061/(A7L)0'75} ,
(11)
(iii) at 3 atm,
K, =2.24-10"% @ 11)1'75 exp [—0.031/(M)°~75} .

(12)

Table 5 and Fig. 4 show the relation between K, and
A for the fractional part of (10) - (12).

The measured Stark broadening parameters for Arl
4300 A agree well with those calculated by Griem [22].

By gas pressure broadening we mean here a colli-
sion damping phenomenon, where the motion of the
perturbers is treated by a collision mechanism. With
the impact approximation, our results show that the
group profiles without shifts have a Lorentz shape.
This seems to imply that the collisions occur one at
a time and are separated by large time intervals. We
have attributed the broadening of a line by pressure to
the sudden change in phase of the emitted radiation,

Table 5. Relation between K; and AA for the fractional part
of (10)—(12).

ALA 002 04 06 08 1 12 14 16 18 2

Ky 012 407 21 13 09 067 051 04 0.33 0.28
Ky 0 13.63 44 2.2 1.37 0.94 0.67 0.53 0.42 0.34 0.29
Ky 015 467 234 1.42 097 0.7 0.54 0.43 0.35 0.29

which is called collision damping. It is assumed that
the frequency of the oscillation changes suddenly when
the emitting atom is influenced by the colliding atom.
After the collision, the original frequency is resumed.
The asymmetry and pressure shift are attributed to the
modified radiation at the center of the line, as shown in
Figure 3. The explanation has been given that at close
approach of the rubidium atom the energy levels of the
excited Ar atoms are altered due to polarization effects.
At normal temperature and pressure the collision
times are small and the broadening and shift are small
too. With increasing pressure the mean collision time
increases and the time between successive collisions
decreases, with the result that the line is red shifted and
broadened asymmetrically. Therefore, the impact ap-
proximation is expected to be valid as long as the line
widths (and shifts) remain much smaller than the per-
tuber energies (divided by h/2x) and the duration of
effective collisions is smaller than the times of interest
in the Fourier integral describing the line shape [23].

4.2. The Transition between Impact and Satistical
Theories

As we pointed out, the basic validity criterion for
the impact theory is that the collision time is small
compared to the time between impacts. This criterion
does not hold in case of sufficiently high particle den-
sities, so that several perturbers are inside the Weiss-
kopf radius. The later naturally dominate the time vari-
ation of the perturbing fields, and those of the ion-
produced fields can thus not be ignored as long as
their time scales are smaller than that caused by the
electron impacts. Thus, there are sufficiently large fre-
quency separations Aw from the line core in the sta-
tistical approximation. Radiation at large Aw can be
produced by collisions with small impact parameters
ps, during of which the oscillator will radiate at a fre-
quency @ = o + Aw(ps). The intensity of this radia-
tion will be proportional to the statistical frequency of

impacts at ps. On the time scale in which the frequency
perturbation wp(t) [: % and its derivative undergo

appreciable relative variations, the right hand side of
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Fig. 4. Fractional drop in the absorption of line Arl 4300 Avs. wavelength AL at 1, 2 and 3 atm (curves a, b and c, respec-

tively).

(5) drops rapidly to zero except at points, at which
op(t) = w, as show the results in Figure 4. Hence, only
the neighborhoods of these “coincidence” points con-
tribute significantly to the intensity distribution. So we
consider the fractional part of K, in Table 5 as equal to
the occurrence distribution of wp(t), i.e. that fraction
of the time interval for which wp(t) is contained in a
unit frequency range at . The asymptotic behaviour
for higher pressures Aw, < Aw is identical, indicating
that the strong perturbations are always due to one sin-
gle Rb perturber atom which is very close to the radi-
ating Ar atoms, as predicted by the proposed assump-
tions of the statistical treatment equation (3) derived by
Unsold [12].

5. Conclusion

In summary, our detailed discussion of pressure pro-
files of spectra yields the following general results and
conclusions:
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