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Determination of the Concentration of 63P Mercury Atoms in a
Hg-Ar Discharge by the Plane-Mirror Method
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1. Introduction

The positive column of low—pressure mercury-argon
discharges has been the subject of many publications
because of its wide application, especially in lighting
fields, and a great deal of researches are being made
to improve the discharge characteristics. Since the rad-
iation characteristics depend mainly on the rate of pro-
ducing the excited states of mercury atoms, it is neces—
sary to know the variation in the concentration of the
excited—state atoms. If the concentration can be expli-
citly determined, various physical processes involving the

production and annihilation of excited mercury atoms
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during the interaction with other particles may be well
described.

There are a number of techniques for determining the
properties of the positive-column plasma. The probe-
technique gives informations about the properties at a
well-defined spot inside the discharge, but has a draw-
back of possible disturbances. On the contrary, the ra-
diation emitted by it gives information without distur—
bing the plasma. For example, if transition probabilities
are known, the radiation provides the concentration of
atoms excited to the initial level of the lines. And reab—
sorption measurements make it possible to calculate the
concentration of the lower level of the line concerned. 1 emw

The purpose of this paper lies in determining the con—
centration of excited states by using the reabsorption
method, and in establishing its simple but effective per—

formance. In this paper, the reabsorption of the visible-
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triplet lines of mercury is studied to determine the con-
centration of 6°P excited atoms in a low-pressure mer-
cury-argon discharge. This study proceeds in the follo—
wing sequences:

(1) The theory of reabsorption of a parallel beam is
developed for the case of plane-mirror method, thus
yielding a relationship between the absorption coef-
ficient and the measured absorption.

(2) Then, the theory is applied to a low-pressure mer—
cury-argon discharge, the absorption being measur-
ed for the visibletriplet lines of mercury.

(3) The concentration of 6°P atoms is determined from
the relationship obtained in (1) for relevant mea—

sured absorption.

2. Theoretical considerations

2. 1 The absorption coefficient

A gas discharge emitting a certain spectral line also
absorbs this line in a measure depending strongly upon
the concentration of the atomic state corresponding to
the lower energy level of the line. It is well known that
concentration of atoms at the level is related to the

absorption coefficient:®®"

2

RO Jo Eip, N, ()
where k (v) is the absorption coefficient at the frequency
v of the line, A, corresponding to the transition from
state 2 to state lwhose probability is denoted by Az,
and g, g, represent the statistical weights of the lower
and upper levels, respectively. And the integration sh—
ould be done over the spectral line considered.

If the absorption line has only a single component

and has a Doppler contour, then

f:k(u) dy= —é Zs keBvs 2)

where k, is the absorption coefficient at the center of
the line and Avyp is the Doppler width. If the line consists
of several components, all with Doppler contours, the
frequency dependence of the absorption line is then of

the form:?
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Here v, are the frequencies of the individual hyperfine
structure components, and ko, the height at their cen-
ters. Or, the component may be specified by its relative
intensity ko, and its shift Ay from the central compo—

nent of the line:

A2z oy ]

k(y)=ko;ko_,e b {4)
where k, is a factor which de#rmines the absolute mag-
nitude of the absorptioh coefficient. This expression,

along with Eq.(1), establishes the relationship between
k, and N,. :

2. 2 Reabsorption using the plane-mirror method®

The absolute value of k, can be determined by relating
the measured absorption of a given line with a theoretical
estimation. When the reabsorption is measured using the
plane-mirror method as illustrated 'in Fig.1, the ratio
between the line intensities with the mirror and those
without it are considered. Here the reabsorption means
the absorption of the light that has been emitted after
experiencing self-absorption. The reflected light at the

mirror surface can be thought of as if itemerged from

imaginary tube.
imaginary
-x -R to
“——*I monochromator
" I+ 1
N W

micror Udiaphragm
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Fig. 1. Reabsorption measurement using a plane-mirror.

The line intensities for frequencies between vandv+dy
emerging from the actual discharge tube, Iw(v)dv, and
those from the imaginary one, Im(v)dv, are expressed

as follows:

Iw(y)dy=k(y)du£2"¢z(x) e‘f. .

L (V)dv)du=k(u)dv_/:;¢z x) e—f'mw. ey
(6)

where $1(x) and ¢, (x) are the distributions of absorbing
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(of state 1) and emitting atoms (of state 2) over the

cross section of the discharge tube, respectively. Since

the quantity IM(v)'dv represents the reduced portion of
the original bean IW()dv as the result of reabsorption
the amount of absorbed light is equal to W ()d»Im

INTENRUTY

(v)dv. Thus, the absorption A for a spectral line is given
by: ’

RELATIVE

'/:IM (v)dy

A1
Iy (v)dv
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This is related to the measured ratio M* between the

intensities with the mirror and those without it which

INTENBITY

may be expressed as

RELATIVE

fm Iy (V) dv
M*=1+ (8)

f;wlw(v)du l‘

where 1 is the effective reflection coefficient of the mir- e
ror. :

Now, the absorption Ap can be obtained from the
eperimental value M* and can be expressed as a function
of k, through numerical integration(Eq.(9)), one can

find out the corresponding value of ko.

1— (M*=1)/r
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(a) 404.7(nm] (b) 435.8(nm)] () 546.1{nm]

2. 3. Application to the visible-triplet lines of mercury
E: 1. 22 sizre] 6p o47] AHel T= N,.

Since mercury spectra exhibit complex hyperfine st—
Table.l. The concentration N, of 6'p states of

ructures and consequently consist of i components, the
calculation of the concentration Ny must be done accor- mercury atoms.

ding to Eq.(4). The relative intensities and the positions
g to Ea.(4) P N,———Slg‘—,Lk(u)du Where k(») exhibits

of the components are taken from Ref. 4, and are shown B g Al

in Fig. 2. The transition probability Az can be calcu- hyperfine structures.

lated from the lifetime of 735, given by Holt and Pipkin®

and the branching ratio given by Koedam and Kruithof. Linenm] | Series notation\ g/e | Aulsec] Nfm?]

© Then, Xaccording to E.(1), the concentration N, can 404.7 7S,—6'P, 3 L7IE7 | L1E4YT *k,

be expressed in terms of k, and T, the gas temperature. 435.8 78,-6'P, 1 LTET | LMEWYT %k,
The results of calculation for A21 and N1 are given 946.1 7S,-6'P, | 35| STET | T 1GE13,/T ¥k,
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in Table 1.

And the integration (Eg.(9)) is performed numerically
to obtain the relationship between k, and A,, on the
assumption that the distribution of absorbing atoms is

of a parabolic shape:

a0 =1-(XgB) 10

where R is the radius of the discharge tube. Futhermore,
since, for most low—pressure discharges, the electron
distribution also takes the same form as the above one,
the rate of excitation of 733, state becomes proportional
to

el

With these expressions, Eq.(10)-(11), Eq.(9) yields the
koA, relationship for the visible-triplet lines of mercury,
and are plotted in Fig. 3 for Ap against k.R.
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Fig. 3. Relationship between Ap and k,R.

3. Experiment

Fig. 4 shows the diagram of the apparatus used for
the experiment. The central ray of the beam is collected
by a monochrometer after being collimated. A photo-
multiplier tube is used as a radiation detector and the
resulting singal is sent to a recorder. Reabsorption mea-
surements are made by operating a shutter which is lo-

cated between the discharge tube and the mirror, thus

mirror sh.rf'rer dusdwargehbe . .
measuring unit

envelope Mronodromator
pmfnrmlhpller
amp \ifier
collimating lens | recorder
d|aph'agm thermocouple
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FIG. 4. Diagram of the apparatus for the reabsor-
ption measurement.

giving the value M*.

At the same time, the temperature of the tube wall
is measured with a thermocouple which is attached to
the coolest point on the tube wall. Since the gas tem-
perature within the discharge tube is, due to the internal
heating, slightly higher than that on the tube wall, a
value of 20[°C] will be taken for the compensation.®

The intensity ratio M* is measured in the two cases:
i ) with the tube-wall temperature varied at a constant

discharge current of 370 [mA], and
ii) with the discharge current varied at a constant
ambient temperature of 20 [°C).

Variation of the tube-wall temperature is made by
heating the entire room in still air in order to lessen the
inhomogenity in the temperature, while the discharge
current being controlled by adjusting the resistance of
the ballast. In both cases, a discharge tube of radius
1.5{cm], filled with mercury plus argon of 3 [torr], is
employed as a sourcs. And an average value of 0.9 is

used for the effective reflection coefficient of the mirror.

4. Results and discussion

Results of the experiment are plotted in Fig. 5. As
the tube-wall temperature rises, the absorption for all
6°P states in.crease due to the rise in mercury vapor
pressure (Fig. 5(a)). On the other hand, when the dis-
charge current is varied, the absorption by 6°P, state
shows rapid increase, while the others vary only slightly
(Fig. 5(b)), which will lead to the rapid rise in the con-
centration of 6P, state. But, within the range conside-
red, the line, 546.1 [nm)], is most absorbed, and thus a
high value is expected for k.

The corresponding value of k, is obtained from the

kAL plot, and then is used for the calculation of N,
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FIG. 5. The measured reabsorption Ay

(a) with the tube-wall temperature Tw varied
at a constant discharge current of 370[mA]

(b) with the discharge current varied at a con—
stant ambient temperature of 20 [*C].

The final results are plotted in Fig. 6: the concentration
N, (a) as a function of the tube-wall temperature and
(b)as a function of the discharge current. A particular
attention is paid to the sharp rise in the concentration
of 6°P, state in the case of varying the discharge current.
As the current increases, the internal heating raises the
vapor pressure of mercury, that is, the population in
all the states. But since 6°Pj and 6°P, states are metast—
able, their collisions with electrons become more freq—
uent as the current increases, leading to the relatively

sharp increase in the concentration of 6°P, state.
5. Conclusion

The theory of reabsorption is developed for the plane—
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Fig. 6. The concentration of 6°P states of mercury

atoms
(a) as a function of the tube-wall temperature
(b) as a function of the discharge current.

mirror method, and thus it is possible to relate the
measured absorption to the concentration of atoms which
absorb a particular spectral line exhibiting hyperfine
structures. Application of the theory to a Hg-Ar disc-
harge is made to determine the concentration of 6°P
states of mercury atoms, along with the measurement
of reabsorption of the visible-triplet lines. These results
shows:
(1) Within the range considered in the experiment, the
concentrations of the metastable states exceed that
of 6°P, state.
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(2) A relatively rapid increase is noticed in the absor—
ption of 435.8{nm] as the discharge current is raised,
which leads to a sharp rise in the concentration
of 6,P, state of mercury atoms.

(3) As the current increases, the collisions between
electrons and metastable atoms become more fre—
quent, and thus higher probality is expected for
the cumulative excitation or ionization.

From the consideration given so far, it is concluded
that the theory of reabsorption provides a simple but
effective method in determining the concentration of
excited atoms, and succeeds in the application to the

visible-triplet lines of mercury.
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