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ABSTRACT

Two methods of studying the spectrum in the early after-
glow of a pure mercury sample are discussed. Using a time-
sampling technique, information about the intensity of the
spectrum as a function of time in the afterglow can be ob-
tained. The intensities of two molecular bands, centered at
3350A and 4850A, are studied. The method of formation of
the diatomic mercury molecule and the emission of radiation
in the two bands are shown to be density dependent. Mecha-
nisms are presented which explain both the molecular forma-

tion and the radiation in the two bands.

In an absorption study, the half-lives of the metasta-
ble and resonance states of mercury are measured. The half-
lives indicate that there is a depopulation mechanism of the

63P state at all atom densities and that there is a defi-

2
nite depopulation mechanism of the 63P0 state at the very
high densities. The depopulation of the 63P2 state is shown
to be related to an ionization process which is the cause of
the enhancement in the intensity of the line spectra. The
depopulation mechanism for the 63P0 state is the formation
of the mercury molecule which occurs with increasing fre-

quency at higher atom densities.
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I. INTRODUCTION

A. Historical Survey. Interest in the structure of light,

as it was termed, must have begun with curiosity about such
natural phenomena as rainbows. It was not until 1637 when
Descartes T observed an analogy with a prism that the fre-
quently observed phenomenon of the rainbow was even partial-
ly explained. The explanation that a rainbow is caused by
the same principle as that by which a prism works was insuf-
ficient. In 1660, Marci showed that once white light was
dispersed into its colors, no further dispersion of those
colors was possible. By this means, it was discovered that
there was nothing more basic than the various colors and
that they were not combinations of something more fundamen-
tal. In 1672, Newton 2 explained how white light is composed
of the many colors. He showed experimentally that once it
had been dispersed, white light could be reformed from the

many colors by means of a second prism.

It was known by this time that light is composed of
various combinations of colors. However, there was no ade-
quate explanation for the source of any of these various
colors until 1752. Melvil 1 5aw that some metals produced
spectra consisting of discrete lines of different colors in-
stead of the continuous spectra which had theretofore been
known. Further, Melvil recognized the significance of these

lines, that the lines occurred at different positions of the



spectrum for different elements, and that this variance
should provide a means of identifying the elements., Still,
there was no explanation as to what caused the discreteness
of the line spectra which had been observed. The Bohr-Som-
merfeld orbital model of the atom provided the interpreta-
tion. The inward transitions of electrons from one energy
level to another of the atom were such that the energy lost
in an inward transition was equal to the energy of a photon

of a particular wavelength.

After the fundamental concepts of atomic structure were
established, specifically that each wavelength of a line
spectrum corresponds to a particular electron transition, it
became of interest to discover what transitions were promi-
nent in each element, and then to try to fit a theory to
them. Most early work in this regard was done in static
situations. Often it was an attempt to find new lines of
the spectrum of an element or of a compound and then to dis-
cover to what transition the particular line corresponded.
Such studies were done on active discharges, ones which were
continuously being excited. Such work did not give answers
to many of the problems which were of interest since they
were incapable of demonstrating how a gas, once excited,

may once again become neutral.

B. Early Afterglow Studies on Mercury. In an attempt to

discover the answer to this problem with respect to mercury,



Child 3 was one of several investigators who used various
ingenious methods to produce a mechanical delay mechahism
by which they could observe the spectrﬁm at short times af-
ter the excitation of the discharge had been turned off.
Using a 60 cycle per second unidirectional pulsating current,
Child operated a mercury arc. The light from the arc was
passed through a slit in a disc which rotated synchronously
with the current source to the arc. The intensity of the
light was then measured as it passed through the slit by
means of a photometer. Attached to the disc was a brush
contact by which the instantaneous value of the current
could be measured. Thﬁs, Child was able to measure the in-
tensity of the light from the arc as a function of the cur-
rent passing through the arc. The minimum of the intensity
of the light was not observed to occur at the minimum of the
current, but at about 500 microseconds after that instant.
He also observed that there was more yellow radiation at the

minimum than there was at other previous times.

In general, the work of Child is typical of the early
attempts which were made to study the afterglow spectrum of
mercury. The means whichrwere available to vary the time
after the source of excitation was shut off were necessarily
coarse, and often mechanical. As a result, aéourate,'quanti—
tative measurements could‘not be made. In order to obtaln
more quantitatively correct data, more éophisticated tech--

niques were needed.



Among the more recent experiments which have been per-
formed, Dandurand and Holt 4 studied the mechanisms by which
electrons may be removed from the afterglow of a mercury dis-
charge. They were able to measure the electron density by
measuring the frequency shift of a microwave resonant cavity.
Simultaneously, they measured the light intensity as a func-
tion of time in the afterglow of the discharge by using a
time-sampling technique. Their time-sampling technique in-
volved using a photomultiplier into which a gated pulse 1is
fed at a known time after the source for the discharge had
been shut off. They were able to observe the intensity of
the light at some variable time in the afterglow. By using
optical band pass filters, they were able to observe the
variation of intensity of a region of the spectrum with both
time and temperature. They found that at low temperatures
and pressures, ambipolar diffusion of electrons was the
principal mechanism governing decays. At higher tempera-
tures and pressures they observed that metastable atoms and
molecular systems complicated any analysis. They also noted
that there was an enhancement in the intensity of the spec-
tral region passed by the filters at some time after the

discharge was shut off.

Tn a manner similar to that used by Dandurand and Holt,
Biondi 5 has conducted extensive studles on the decay mecha-
nisms of the electron density in both pure mercury and mer-

cury-helium atmospheres. He, too, found that at low mercury



pressures, ambipolar diffusion was the predominating decay
mechanism. He showed that the interaction between an atom
and an ion is of no consequence, resulting only in charge
transfer. At higher temperatures, he found that the elec-
tron ambipolar diffusion was insufficient to explain the
experimental decay curves. It was necessary to insert a
volume loss term. Biondi proposed two possible interpreta-
tions of this added term. One was that electrons might at-
tach themselves to mercury atoms, forming negative mercury
ions. This interpretation is sufficient if the concentra-
tion of negative ions is small. The other interpretation
was that the term may result from conversion of atomic ions
to molecular ions. However, despite his own preference for
the latter explanation, Biondi was unable to verify experi-
mentally that this was the correct interpretation. At still

higher temperatures, he found that a three-body interaction
+
Hg' + 2 Hg — Hg, + Hg

became of importance. Having formed molecular ions, he
showed that electron recombination with these ions correctly

explained the electron decay curves which were obtained.

Biondi also noted that the collision of two metastable
atoms could produce a ground state atom and an ionized atom.
He also observed an enhancement in the electron density at
about 200 microseconds after the active discharge was shut

off.



C. Stepp and Anderson's Study on Mercury. In another re-

cent work, Stepp and Anderson 6 have studied the mechanisms
involved in the early afterglow spectrum of a mercury dis-
charge. They used a pulsed direct current to excite a com-
-mercial mercury-argon lamp. Using a time-sampling technique,
they observed the decay of certain mercury lines in the dis-
charge. They observed an initially rapid decay in intensity,
then an enhancement, and finally another slower decay. It
was at that time postulated that the main processes govern-
ing the initial decay were spontaneous radiative decay,
whereas at later times in the decay, other multiple mecha-
nisms became important. In a later work by the same authora7
a pulsed radio-frequency coil wrapped around the experimental
cell was used as the source of excitation of a pure mercury
sample. Using a recording technique involving the direct
readout of data on an oscilloscope, the enhancements of pure
mercury lines were observed. Their explanation of this ef-
fect was based on the interaction between excited and meta-

stable atoms.

D. Early Absorption Studies. In addition to studies of the

emission spectrum, ever since 1802 when Wollaston 1 discov-
ered dark lines in the observed solar spectrum (which were
rediscovered by Fraunhofer in 1814%), absorptions have been
of interest. However, it was not until 1843, when Foucault
saw bright lines in the same places of the spectfum as dark

lines had been previously observed, that a connection was



made between the absorption of the light and some sort of a
resonance effect. As in the case of emission studies, much
work was done on the absorption of various lines in the mer-
cury spectrum. It is only the more recent works which are

of more than historical interest.

Using two direct current mercury lamps and observing
the light from one as it passed through the other, Kenty 8
measured the absorption of the light by the second lamp. He
maintained both lamps at the same discharge conditions by
carefully controlling the current through each, and assumed
that if the same current were flowing, then each would be

at the same temperature. He actually measured the absorp-
tion by turning off the source of the absorbed light briefly.
He studied the effect of various currents and of temperature
on the observed absorption. He found that at currents of
about 100 ma diffusion became a decay process secondary to
quenching collisions between metastable atoms and electrons.

He alsc observed that the 54B1A (83P2) line was absorbed

more than the 40L7A (63PO) line.

Using a direct readout on an oscilloscope in which both
the emission tube and the absorbing cell are pulsed, though
at different rates, Shoda, Yokoyama, and Kuroda g studied
the decay phenomena of metastable atoms in mercury-argon
discharges. It was shown that the lifetime of the metastable
atoms in the afterglow depends on the current which is de-

veloped during the active discharge; but for any given cur-



rent, the per cent of absorption decays exponentially with
time. It is assumed, then, that this is directly indicative
that the metastable population also decays exponentially
with time. In a later publication, using a slight variation
of the apparatus used before, the same authors 10 observed
the variation of the lifetimes of the metastable and resonant
states with temperature. It was shown that the 83P0 state

3

P2 state

does not, as the temperature is raised. This effect was

does exhibit an increased lifetime, whereas the 6

thought to be due to a quenching collision between the 63Pl

and 6180 states and hence a replenishment of the 63P0 meta-

stable state from the 63P resonant state.

1

Using the same apparatus that he and others had reported
on before, Yokoyama 11 concluded that the lifetime of the
metastable states is dependent upon the intensity during the
active discharge of the source of the excitation. He noted

that the absorption of the 4047A line (terminating in the
SSPD state) exhibits a maximum at a current of 4.5 ma in his
experiment. The 5460A line (terminating in the 63P2 state)
showed no similar effect; instead, the absorption increased
with current until it asymptotically approached a constant
value. He also observed that the initial decay of the SL60A

line during the afterglow i1s not as fast as the exponential

12

decay at later times. Later, he measured actual popula-

tions of the triplet 63P states. He showed that the popula-

tion of the 63P metastable state was less than that of the

2
63P0 state by a factor of two.



Somewhat more recently, Koedam and Kruithof 13 used a

mechanical chopper to interrupt the light which would be ab-
sorbed by the experimental cell. Since both lamps were run
continuously, they were able to carefully control the dis-
charge conditions. Thus, they were assured that any varia-
tions in their observations were real and were not due to
change in the discharge conditions between pulses. With
this, they observed the variation of the transmission of the
6°p triplet of lines as a function of temperature, and found
that the amount of absorption increased with increasing tem-
perature. They found that the 63Pl population varied strong-
ly with changing temperature, and that up to about 3u43°K the

3

population of the 6P, , states varied, but at that tempera-
2

ture the change in population became les:

By considering that metastable atoms may be destroyed
by any of three mechanisms, and by considering also the im-
prisonment of the resonant radiation, Phelps 14 showed that
the observed dependence of the lifetime of the lower meta-
stable state of neon on gas density and size of the absorp-
tion cell could be explained. The three mechanisms which
he considered were diffusion to the walls Qf the cell, ex-
citation to the nearest radiating state in collisions with
neutral atoms, and three-body collisions involving two neu-
tral atoms. He conducted experiments by passing the light

from a pulsed neon emission cell through an absorption cell.

Using a time-sampling technique, he studied the change in



10

the absorption of the lines indicative of metastable states
with time and pressure. The theory which he developed to
explain his results will be referred to in more detail later,

and will be explained further at that time.

Using the same technique which they had previously re-
ported, Shoda and Yokoyama 15 verified the temperature de-
pendence of the imprisonment of the 2537A line by observing
the absorption of the 4359A line. In a still more recent

16 these authors have studied the variation of

publication,
the decay time of this same resonance state with temperature

and with varying argon pressures in the experimental cell.

E. Mercury Molecular Spectra. Another type of experiment

which can be performed using absorption techniques gives in-
formation concerning the existence of mercury molecular ions
in the afterglow of a discharge. Holstein, Alpert, and
McCoubrey 17 studied this problem using a monochromatic 2537A
light to excite a mercury vapor. Using an oscilloscope to
display the intensity of the light as a function of time in
the afterglow, they were able to observe the decay of the
radiation from the cell after the exciting source had been
shut off. They observed band fluorescence at densities of

about 10%°

atom/cc. and above, and observed as a result a
composite trace on the oscilloscrope. From that trace, two
decay processes were discernible, the shorter of which was

associated with resonance radiation, the longer with molecu-
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lar fluorescence. This result, they confirmed by reducing

the resonance radiation by means of filters. Further, they
. . . I(4850A) .,

observed that the ratio of intensities T(3350A) increased

with increasing temperature.

18 summarized the work which had been done

McCoubrey
and the results which had been obtained in a paper in 1951.
Basically, at that time the following results had been ob-
served. The ratio of intensity of the visible band (4850A)
to that of the ultraviolet band (3350A) was shown to be pro-
portional to the square of the density. Both bands were
known to decay according to a curve which was characterized
by two time constants. The longer of them had been studied
quite extensively and was found to obey a relationship of
the type 1/t = A/N + B + CNQ. The interpretation which was
attached to this data was that incident 2537A radiation cre-

3

ates 6°P, atoms which upon collision are converted to the

1
63PO metastable state. The metastable atoms then combine
chemically with normal mercury atoms to form ng. This
state decays both spontaneously by the emission of the ultra-

violet band and bv collision-induced radiation of the visible

band.

In a more recent publication, McCoubrey 19 has studied

a similar problem. Using a time-sampling technique, he ob-
served the intensity of the band radiation centered at L4850A
and 3350A in the afterglow of the discharge and its variation

with both time and mercury pressure. He observed long decay
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times, indicating that diffusion loss was & dominant mode of
decay. Other experimental results indicated that since both
bands were observed to decay simultaneously, there was a
common source of their excitations. Further, since complex
-decays were observed, a "parent-daughter" process evidently
existed. Finally, the observed density variation of the
lifetimes strongly indicated that collision destruction pro-
cesses affected both excitations. Based on these observa-
tions, a consistent theory was developed which adequately
explains the experimental results which he obtained. Since
this theory will be discussed later, it will not be ampli-

fied at this time.

Matland and McCoubrey 20 have extended the work which
was previously mentioned. Using optical pumping techniques,
they measured the decay time in the late afferglow for the
band radiation. They found that it decreases from about 70
msec. to about 19 msec. as the temperature varies from 380°K
to 580°K respectively. They found, too, that the diffusion

172 when the temperature is expressed

coefficient varies as T
in degrees Kelvin. The three-body collision induced radia-

tion rate was found to be unchanged with temperature.

Later, the same authors 21 studied specifically the
very late afterglow using the same apparatus as before. In
this study, they were interested in times late enough that
the population of metastable atoms would be insignificant,

and that only excited molecules might remain. At these late
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times, they found a single decay slope. In this same study,
they showed that metastable molecules are destroyed upon dif-

fusion to the walls.

Of the experiments which have been described in the
literature and which have been mentioned here, only McCou-
brey's work was done at temperatures in excess of 423°K.

The majority of the experiments were performed at much lower
temperatures and pressures and often the experiments were
done at room temperature (300°K). Further, as was pointed

out by Dandurand and Holt, t

any detailed description of the
mechanisms which are active in the afterglow of a mercury
discharge are severely complicated by the presence of meta-

stable atoms.
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ITI. THEORY

A. Molecular Emission. When a mercury vapor is excited, it

radiates in addition to the line spectrum associated with
the element, a band spectrum whose intensity is strongly de-
pendent upon the density of the mercury vapor. The band
spectrum consists of three main components, centered at 4850A,
3350A, and 2650A. The first two of these, in the visible
and near-ultraviolet regions are the only ones which the
equipment used in the present experiment was capable of de-~
tecting. The band at 2650A is of considerably less intensity
than the other two bands and is associated with the fluores-
cence. However, sincz this band is of no immediate concern
to either the theory or the experiment, it will not be con-

sidered further.

The theory which will be presented to partially explain
the results which were obtained in these experiments is simi-

18 In order to justify

lar to that proposed by McCoubrey.
certain assumptions which will be made, certain of McCoubrey's
experimental results will be cited. It has been observed
that there is a relatively long lifetime associated with the
mercury fluorescence. This suggests that diffusion might be
an important feature in the mercury decay. This assumption

is further substantiated by investigations using different

sized cells, which have demonstrated a dependence of the

lifetime on the enclosure size. If the bands centered at
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4850A and 3350A had their origins in different excited mo-
lecular reservoirs, it would be expected that their life-
times would be different. Instead, it was observed that the
two bands decay simultaneously. This suggests that they
have their origins in a common reservoir of molecular exci-
tation. Further, it has been observed that both bands under-
go complex decays with which two exponentials are associated.
This is characteristic of "parent-daughter" processes in
which one decay feeds another. There is an increase in the
rate of the decay of the molecular bands as the vapor pres-
sure is increased. This demonstrates that collisional de-
struction processes affect the life of both molecular states.
Finally, it has been shown that the intensity of the entire

band structure is strongly density dependent.

If it is assumed that initially there is a fairly ran-
dom population of the states, depending upon the degeneracies
of the various states, then after some time, the 63P1 state
will be depopulated to the metastable state 63P0 by a reac-~

tion of the form:

1) Hg(s°Py) + Hg(6's)) — Hg(69P,) + Hg(675) + 0.21 ev.

The presence in the afterglow of the metastable 63PD state

has been observed S and it is known that metastable atoms
may be created by the collision quenching of the 63Pl state

as in equation 1. The metastable atoms may then be convert-

ed to metastable diatomic molecules by three-body collisions
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of the form:
3 1 3.- 1
2) Hg(67Py) + 2Hg(678,;) — Hg,( 0,) + Hg(678y)

It will be shown that these diatomic molecules are the res-

ervolir from which both molecular bands originate.

In this reaction, it is considered that an atom in the

618O state collides with a metastable atom in the 63P0

While these atoms are in close association, a third atom in

state.

the 6180 ground state collides with the pair, taking away
enough energy to stabilize the system in a vibrational state

of the molecular electronic 30; configuration.

It is then proposed that the 3350A band arises from
spontaneous radiation by the metastable molecules in the

form of:
3A= 1
3) ng( Ou) — 2Hg(8 SO) + hv(3350 band)

It is thought that this radiation might be emitted despite
the fact that the molecule is metastable. If this is the
case, the metastability must be broken down by some inter-
nal mechanism, perhaps by a gyroscopic disturbance of the

electronic motions arising from a nuclear rotation.

Further, it is proposed that the 4850A band arises
from an alternate mode of decay of this same molecular state.
This must be assumed to account for the simultaneous decay

of the two bands. This mode of decay is thought to be col-
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lision induced, of the form:
3.~ 1 1
4) Hg,(70.) + 2Hg(67S;) —s 4Hg(678,) + hu(4850 band)

The participation of two normal mercury atoms in this reac-
tion is necessary to explain the dependence of the ratio of
the intensities of the two bands upon the square of the den-
sity. Further, this explains the effect of the higher den-

sities of the lifetimes.

Whether the reactions given in equations 3 and 4 are
actually simple or involve intermediate steps is not clear.
If there are intermediate steps involved, they must be very
short in duration compared to the lifetimes of the two
states. If this were not the case, they could be detected

by careful investigation of the decays.

A more complete mathematical description of the pro-
cesses involved in the decay of both the metastable atomic
and molecular states is presented in the paper by McCoubrey.19
There it is shown that the metastable population must obey

a rate equation of the form:

=D v2m - cmsz

5) n

A

Here, m is the density of the metastable 63P0 atoms, Dm is
the diffusion coefficient of these metastable atoms, and Cm
is a constant of proportionality. Further, the first term
on the right of the equation corresponds to atoms lost by

diffusion, and the second term corresponds to collisional
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destruction which creates the metastable molecule as in

equation 2.

Further, it may be shown that the molecular population

must obey a rate equation of the form:

M 2 2

6) =DVM—BM—CN2M+CmNm

ot M M

Here, M is the density of the metastable 80; molecules, DM
is the diffusion coefficient of these molecules, and B and
Cy are factors of proportionality. In equation 6, the first
term on the right corresponds to molecules lost by diffusion;
the second, to those lost by spontaneous radiative decay as
described in equation 3. The third term allows for losses
by collisionally induced radiation, as in equation 4. Fin-
ally, the last term is a source term corresponding to those

molecules formed by three-body collisions.

19

It is shown further that solutions to the rate equa-

tions 5 and 6 are given by:

7) m(r,t) = mo(r)exp(—t/T')
and
8) M(t) = 922%3323 [rexp(—t/r) - t'exp(-t/1")

In obtaining each of these solutions, it was assumed that

only the fundamental modes of decay predominate.

B. Theory of Absorption. There are two types of information
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which may be extracted from absorption experiments. First,
information may be obtained deaiing with the population of
various states. If the experiment is properly set up, the
variation in these populations with time in an afterglow may
be studied. Second, an absorption coefficient for the gas
under investigation may be determined. The theory developed
in this section is contained in the book by Mitchell and Ze-

mansky.22

If IO is the intensity of the parallel rays of incident
light having a frequency lying in the range between v and

v + dv, then it is known that after the light emerges from
an absorption cell, the final intensity, I, will be somewhat
less than I,. A quantity called the fractional absorption,

A, is defined as:

1) A =

It is of interest to investigate this quantity.

It is known that if the intensity of the beam is ob-
served as it passes through the cell, ata distance x after

it enters, the intensity is given by

2) I(x) = Ioexp(~kvx)

where Xk is the absorption coefficient of the gas for fre-
quency v. It is shown in reference 22 that if only thermal

motions of the atoms in the gas are taken into consideration,
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the absorption coefficient may be expressed as

3) k = koexp(—wz)

where

W) w = 28280 35
D

where Avp is the Doppler breadth and Vg is the center fre-
quency of the absorption line. When Doppler broadening
alone is present, Kq is the maximum absorption coefficient

and is given by

2
.2 1n 2 Ag g2
5 “o T avp Y Tw o B gy feell

where Ao 1s the wavelength corresponding to the central fre-
quency of the absorption line, g7 and g, are the statistical
weights (or degeneracies) of the states 1 and 2 respectively,
N is the number of atoms per cm3 in state 1 (the lower state),
and A2»l is the Einstein spontaneous transition probability

from state 2 to state 1.

It is now possible to calculate the fractional absorp-
tion directly. In general neither the vapor pressure nor
the thickness of the emitting layer is know accurately, so
it is necessary to use an empirical expression for the fre-
quency distribution of the radiation emitted from the inci-
dent light source. A conventional expression for the source

emission line frequency dependence 1s given by
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6) I = I,  exp I«(w/a)2'
V \)0
where I\)0 is the intensity at the center of the line and

7) o = emission line breadth
absorption line breadth

A value of o equal to unity implies that the incident
line has the same shape and breadth as does the absorption
coefficient of the gas in the absorption cell. A value of
a greater than unity represents an incident line of the same
shape, but with greater breadth than that of the absorbing
gas. In the case of a lamp with a thin emitting layer, equa-
tion 6 very accurately represents the emitted radiation. In
this case, a is given by the square root of the ratio of the

absolute temperature of the emitting gas to the absorbing

gas. The incident beam intensity from the source is then
given by
8) I, = /TIdv

0 v

The fractional absorption can now be written:

I(1)
A= 1 - =—=2
IO
A =1 - exp(-k 1)
A= 7T [1 - exp(-k,1)]dv
{7T,dv
9) A = [: exp[—(w/a)zj{l—exp [-kglexp(-02)]}dw

Lo exp [-(u/e)?] du
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where 1 is the total length of the absorption cell. Equa-

tion 9 may be reduced to the form:

kol (kgl)? -1k, 1"
10) A= - + ... * + ...
YI+ta?2  2!1/1I%2a2 n!vYI+na?

Except very early in the afterglow, under usual experi-
mental conditions it is known that the concentration of meta-
stable atoms may be assumed to decay exponentially with time.

This is represented by the relation
11) M(t) = M, exp (-t/71)

where M0 is the concentration of metastable atoms at the
initial stage of the decay after the excitation is terminated

and t is the decay time of the state.

If the previous theory is now applied specifically to
metastable states, and if o and kOl are each small, then

equations 5, 10, and 11 may be combined and rewritten as:

A = kOl
2 /InZ A5 g,
Az /o 2 ZLA .M
AvD ] 8w g1 2-1
2 InZ 13 g,
12) A(t) = o/ 7 & E—'A2+l 1M0 exp (-t/t)
D 1
13) A(t) = C exp (-t/71)

If the natural logarithm of each side of equation 13 is ta-

ken, the fractional absorption becomes

14) 1n A (t) = 1t/t + In C
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Hence, the decay time t of the state may be measured by ob-
serving the variation in the fractional absorption as a

function of time in the afterglow of the discharge.

If instead of using equation 13, equation 12 had been
grouped as:

2  /AnZ g
A(t) = Av_ T p é"‘l" A2-’l 1 MO exp (-t/T)

D

S

ool

then by taking the natural logarithm of each side of this

equation, there results an expression:

+ 2 fIn2 Ag g,

D

If the temperature is accurately known, then all the
terms in the parentheses are known for any gas and for a
particular frequency. Then, since these terms are constant
in time, it may be seen in equation 15 that it should be
possible to find the actual population of the metastable

state at the time of the shut off.
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ITI. EXPERIMENTAL PROCEDURE

A. Introduction to the Experiment. The present experiments
23

are an extension of the work done by Edward E. Stepp
which was presented in a Ph.D. dissertation in June, 1965.

It was felt that there were certain variations which could

be made in Stepp's experimental method which could increase
knowledge about mercury discharges. The present thesis de-
scribes two such experiments: the first is an emission

study, the second an absorption study.

Stepp's work was done by observing the decay in inten-
sity of several atomic lines in the early afterglow spectrum
of an active mercury discharge using an oscilloscope. The
first experiment which is presented in this thesis is a con-
firmation of Stepp's results, but the data were collected in
a way that not only the existence and decay of the lines of
the spectrum could be studied, but also the variation of the
band structure with both temperature and time could be in-

vestigated.

The results of the first experiment indicated that an
absorption study could contribute further data which would
be of considerable interest in attempting to explain the
data which had been previously obtained. Such data would
give information concerning the population of the metastable
levels of mercury and their variation with time and tempera-

ture in the afterglow. Hence, the light from a mercury va-
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por discharge cell was shone through the experimental cell.
By making proper intensity measurements, the absorption of
the light by the excited vapor in the experimental cell
could be observed during the early afterglow of an active

discharge.

B. Preparation of the Experimental Cell. The experimental

cell was a Pyrex cylinder 300 mm long and 46 mm in iInside
diameter. It had a 5 mm diameéter side arm which was used to
connect the cell to a vacuum system. Two electrodes, one

25 mm from each end, consisting of a circular loop 35 mm in
diameter of nickel wire were fused through two parallel side-
arms on the walls of the cell and oriented concentric to the
cell. The vacuum system consisted of a rotary forepump,
phosphorus pentoxide trap, and an oil diffusion pump. The
pressure was measured with an ion gauge trapped on each side
by cold fingers containing dry ice and acetone. The cell

was outgassed at a pressure of about 2 x lU_6

mm of mercury
and at a temperature of about 673°K. The cell on the vacuum
system is shown in Plate 1 while it is being outgassed. A
small amount of triply distilled mercury was distilled into
the cell. After the cell was removed from the vacuum sys-
tem, the 5 mm diameter appendage was used as a mercury reser-
voir. The tank coil for a 28.5 megacycle radio-frequency
(hereafter, r-f) source was placed around the cell. Both

the coil and the cell were then placed in the oven which

had two pyrex windows located along the axis of the cell.
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Two thermocouples were placed in the oven, one on the top
and the other on the bottom, in order to monitor the tempe-
rature. A temperature gradient of only 282°K was found in
this manner under operating conditions. The oven was placed
in a screen cage to limit the r-f noise which was found to
interfere with the electronic equipment used in the experi-

ment.

C. Time Sampling Experimental Technique. The r-f source

induced an intense mercury discharge in the cell. This dis-
charge was turned on and off at a frequency of 60 cycles per
second. The decay time of the r-f source was of the order
of a few microseconds. The lines emitted in the afterglow
of the discharge were separated with a Bausch and Lomb 500 mm
quartz grating monochromator and detected with an RCA 931A
photomultiplier. The current pulses whose amplitudes were
proportional to the light intensity were passed into a Keith-
ley model 610B electrometer. An average of these pulses was
observed and the electrometer's 1 ma output was used as the
source for a Heathkit Model EUW - 20A Servo-recorder. As

the monochromator was scanned from 3000A to 6000A at a con-
stant rate, a trace of the spectrum at a particular time in

the decay and a set temperature was recorded.

Figure 1 is a block diagram of the electronics appara-

tus which was used.
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The master pulse generator supplied a pulse at the rate

of 60 cps which was subsequently used for two purposes.

One output of the pulse generator, after being subjec-
ted to a 12.8 microsecond delay within the generator, was
fed to the pulsed r-f amplifier. The pulse controlled a
thyratron which turned on and off the power amplifier. An
r-f signal was continuously supplied to the same amplifier
from a Heathkit Transmitter, Model HX - 11. The amplified,
pulsed r-f signal was then passed through a Reflected Power
Meter (Heathkit Model HM - 11) and through an impedance match-
ing network to the tank coil which was wrapped around the
cell. The r-f signal which reached the cell was pulsed on
and off at 60 cps. The actual time periods of the pulsed
discharge were 12 milliseconds on and 4 milliseconds off.
The power fed into the tank coil was kept as constant as

possible throughout the experiment.

The other cutput from the master pulse generator was
subjected to no internal time delay, but instead was passed
through two variable time delay units. First, the pulse
was sent through a commercial delay unit, purchased from the
Denver Research Institute Electronics Division, which was
continuously variable from 5 to 190 microseconds. Then it
was sent through a coarse delay which was capable of more
than a 4% millisecond delay in increments of about 50 micro-
seconds. This delayed pulse was then used as the trigger

for a high voltage pulse generator which was used to turn
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on the photomultiplier. This pulse was about 1000 volts in
amplitude and its half width was about 0.3 microseconds.

This pulse, as a result of the delav circuitry, could be

made to occur 12.8 microseconds before the discharge was
turned off and could be set at any time after the termination
of the discharge until 4 milliseconds. Applying this delayed
bulse to the photomultiplier the intensity of the discharge
could be observed at any desired time after the r-f source
was shut off. The complete experimental apparatus is shown

in Plate 2.

D. Absorption Study Equipment. As may be seen by referring

to Figure 2, a block diagram of the absorption experiment,
the only major differences between this experiment and that
previously described were in the existence of an external
mercury lamp., which was used as a source, and in the complete-
ly different detection system. The cell used in this experi-
ment was the same as that used previously. It was changed
only in the repositioning of the thermocouples so that for
this experiment there were four. The thermocouples were
placed so that there was one on the top of the cell, one on

the reservoir, and one each at the end windows of the cell.

An Hanovia Type SH mercury vapor lamp was used as the
external source. It was powered by a 135 volt D.C. power
supply. Light from this source was shone through the experi-
mental cell and the variation of the intensity of the light

with time after emerging from the cell was observed. The
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optical system which was used is shown in Figure 3. This
system was chosen in an attempt to maximize the light from
the source and to minimize the light from the cell which

was seen by the monochromator.

The detection system consisted of the same Bausch and
Lomb monochromator and an EMI 6256B photomultiplier. The
signal from the photomultiplier was displayed on a Tektronix
Type 531A Oscilloscope during the first few hundred micro-
seconds after the discharge was shut off, and the trace was
photographed. The same pulse which was used to trigger the
r-f power amplifier was used to provide a stable trigger for

the oscilloscope.

The equipment which was used in this experiment is

shown in Plate 3.

In the emission study, using the time sampling technique,
data were taken at temperatures from 3398°K to 488°K, corre-
sponding to vapor pressures of 1.0 to 29.0 mm of mercury,
respectively. In the absorption study, data were taken at
temperatures from 333°K to 498°K, corresponding to vapor
pressures of 0.055 to 36.0 mm of mercury, respectively.
Throughout both experiments, the power level passed into the

cell was maintained constant.
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IV. RESULTS AND DISCUSSION

A. Emission Afterglow Results. Figures 4, 5, 6, and 7 ex-

hibit data which are typical of that obtained in the emis-
sion study. Although data were taken at five temperatures,
338, 428, 443, uL68, and 488°K, it is sufficiently illustra-
tive to show only the results from the last four of these
temperatures. Further, data were taken at two delay times
in addition to the four shown. Since there was nothing of
interest that happened in the last two time periods, the

data obtained at these times are also omitted.

Figure 8 is an energy level diagram which shows the
lines which are of interest in the emission study. It is
included at this time for convenience only, and will be re-

ferred to later.

For the molecular bands the data taken at 428°K are
devoid of interest beyond a note that there is apparently

no molecular formation at this low temperature.

At 4Y43°K, it may be observed that in the very early
decay two bands were apparent. The band at 4850A decays
within the first 100 microseconds to the point that it is
no longer apparent at 115 usec. The band centered at 3350A
decays to about half its initial intensity in the first
100 psec. It is still visible at 115 usec., though it is

not so pronounced as at the earlier time. Finally, at 220

36
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usec., this band is still visible, though its intensity is
very greatly reduced from what had been seen earlier; and
its profile is also somewhat changed from the earlier shape.
Finally, at the last time shown, at 500 psec., the band
structure has apparently disappeared completely. It might
be noted at this point that in the data which were taken at
1050 and 2100 usec., there was little change in the overall
shape of the spectrum from what is seen at 500 usec. The
only difference lies in the intensities of the lines, and
they seem to have decayed in exponential fashion, a fact

which will be discussed in some detail later on.

The data which were obtained at 468°K, and which are
shown in Figure 6, show little change from those observed at
443°K. The band centered at 3350A has become more pronounced
than at 443°K, and it is interesting to notice that there is
apparently no band structure at 4850A at this time. The
reason for this is not clear, and in fact it seems somewhat
doubtful that this is actually the case. It may be seen that
in the first 100 usec., the 3350A band has decayed by about
half its initial value. Further, at 115 psec. there is band
structure apparent at 4850A. This is the major factor con-
tributing to the uncertainty of the earlier spectrum. The
data taken at 468°K are similar to that at 443°K and at 220
usec. for both bands have nearly disappeared. At 500 usec.,

there is no apparent trace of either band.

The data which were obtained at 488°K and which are
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shown in Figure 7 deserve careful attention. Obviously the
band structures are the predominant features in the spectral
profiles; however, there are other changes which are of con-
siderable interest. As before, the band at 3350A is much
‘more intense than the one at 4850A. The band at U850A decays
in the first 100 usec. to about one-fourth of its initial
value and after another 100 usec., this band is not observa-
ble. The band at 3350A also decays in the first 100 usec.
to about one-fourth of its initial value. In the next 100
pusec., however, the change in its intensity is much less.

It has in the second hundred microseconds decayed by only
about two-thirds of its previous intensity. Finally, at 500
usec., the intensity of this band is so feeble that it is

barely observable.

Of interest in these profiles also is the change of in-
tensity of the atomic lines. In particular, it is of inte~
rest to compare the data taken at 428°K and at 488°K, since
the effects, which are apparent, are most strongly notice-

able at these temperatures.

Consider first the line spectrum shown in Figure 4. It
may be seen, from the data taken at 12.8 usec. and that taken
at 115 mpsec., that the intensities of each of the lines in-
creases. This is the effect which was originally noted in
Stepp's thesis 23 and related papers. 7,8 Further, it is
this effect which prompted the present studies. In the sec-

ond hundred microseconds of the decay, the intensities of all
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lines, except 3127-32A line, show a decrease in intensity.
Further, in the following three hundred microseconds, all
lines show a further decrease in intensity. As was noted
before, at 1000 and 2000 wusec., all lines continue to decrease
in intensity. It may also be observed that, since the data
was taken at discrete points in the afterglow, it is impos-
sible to determine exactly when the maximum in intensity occ-
curs and what its value is. It has been shown in other ex-
periments 24 that at this temperature the maximum in inten-
sity occurs at about eighty microseconds; but this informa-

tion is extraneous to the present discussion.

In contrast to these data, if the data of Figure 7 are
considered in a similar manner, it may be seen that no such
enhancement is apparent. Instead at these times, the in-
tensities appear to decrease. Again it is impossible to be
certain whether this is true, or if the enhancement occurs
early in the afterglow, and the intensity has decayed by

115 usec. to a value less than the initial value.

Again, other experiments 2k have shown that it is the
latter case which prevails. At this temperature, there is
an enhancement, although the overall intensity of the line

itself is less.

B. Absorption Results in the Afterglow. In Table I, the

data which were obtained from an absorption study are pre-

sented. The data were collected on three different days,
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and in three totally different experiments, although the ex-
perimental conditions were reproduced as carefully as possi-
ble. The data taken on the 3650, 4047, 4360, and S4E0A
lines which are marked with an asterisk were taken in a sec-
ond experiment, for when the original data were graphed with
decay time as a function of temperature, it was found that
there was an increase in the decay time at about 413°K, and
data had not been originally taken at this temperature. In
order to attempt to verify this increase, supplementary data
were obtained. It may be seen that these data fairly well
reproduce the type of results which were obtained initially.
In fact, it was thought that the increase was substantiated.
When these data were analyzed, it was thought that it might
be interesting to do two further supplementary studies. It
may be seen that, in general, the decay-times of the lines
at 3650 and b5460A are short. It was thought that more accu-
rate data might be obtained by increasing the sweep speed of
the oscilloscope; and if this were done, the data would be
more illuminating. Further, when this was done, similar
data were taken on the 5790A line. The data taken on these
three lines are indicated as "new'" since they were taken in
a more recent experiment. It may be seen that the values
which were obtained in these '"new'" experiments agree only
qualitatively with the values obtained initially. The decay
times of the 3650 and 5460A lines are still short when com-
pared to the decay times of the 4047 and 4360A lines. TFur-

ther, it is seen that the decay time of the 5790A line is
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very short compared to any of the other lines. Finally, it
should be noted that at least qualitatively the decay times
of the 3650 and 5460A lines are similar and this is to be

expected since both lines in the absorption study originate

from the same (63P2) state.

It is obvious from this data that there were certain
problems encountered in this study which could not be entire-
ly eliminated. It was stated in the theory of absorption
that the light should be shone through the absorption cell
in a parallel beam. In these experiments it was not possi-
ble to employ parallel light. When parallel light was used,
it was found that the light originating from the experimen-
tal cell was greater in intensity than was the light from
the source. As a result, the light was focused in the man-
ner stated in the experimental procedure. This meant that
when the absorption line was studied, the absorption princi-
pally at a point was observed rather than the absorption
throughout the cell. In the experimental cell there was
some liquid mercury. If the distribution of this pool of
metallic liquid varied from one experiment to another, it
would cause a perturbation of the symmetry of the r-f dis-
charge. If this did happen, then the exact conditions of
the discharge could not be reproduced. Hence, the conditions
which prevailed in any experiment at the focal point of the
absorbed light beam might not be constant; so there might
well be some variation in the absorption which was measured.

As a result, the actual lifetimes of the various states could
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not be accurately measured; however, it is felt that the or-

der of magﬁitude of the measurements should be correct.

Further, it was stated in the theory, that it is feasi-
ble to treat quantitatively only those absorption studies
where either natural or Doppler broadening dominates. It
was assumed in the experiments that Doppler broadening was
the dominant process, for the data were obtained at the cen-
ter of the spectral lines. This may or may not be a valid
assumption at the lower temperatures, and it certainly is
not valid at the higher temperatures which were studied.
However, it was necessary to make this assumption due to the

method which was used to collect data.

As a result of the above problems, it is felt that only
qualitative conclusions may be drawn. The energy level cor-

responding to the absorption of the 3650 and 5460A lines, the

63P2 state, has a half-life of approximately 60 microseconds.

Those levels corresponding to the 4047 and 4360A lines, the

63P0 and 63Pl states respectively, have half-lives of approx-

imately 175 microseconds, except at the very high tempera-
tures. Finally, the level corresponding to the 5790A line,
the SlPl state, has a very short half-life on the order of

30 microseconds.

C. Results of an Experiment by Aubrecht.?" It was mentioned

earlier from these experiments, it was impossible to observe

the enhancement to any degree of accuracy beyond noting its
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existence; that is, it is inpossible to determine when the
peak of the enhancement occurs and how intense it is. For
this reason, there was one set of experiments which dealt
specifically with observing the enhancement, and its varia-
-tion with temperature and input power. These experiments
were done Dby Aubrecht,2LL and because they are of some signif-
icance to this discussion, the results will be briefly out-

lined here.

It was observed that the amount of enhancement changes
drastically with temperature. At 333°K, no enhancement was
observed and the decay was a simple exponential. At 433°K,
a very pronounced enhancement was apparent. This enhance-
ment may be characterized by the superposition of three ex-
ponential decays. Finally, in the decays at 498°K, there
was no apparent initial decrease in the intensity. Instead,
the enhancement effect seems to dominate. It is thought
that there is still a very rapid initial decrease, however;

and it may not have been observed by the instruments.

In the experiments which were performed by Aubrecht,
there was a variation in power at each temperature; however,
the results from this particular study are of no consequence
here. Only those results which were obtained at very nearly

the same power level as used in this experiment are cited.

It was shown that the lines which exhibited the great-

est enhancement are the 5771, 3650, 3342, and 3130A lines.
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It may be noted that these lines all originate on 63D levels,

except the 3342A line which originates from the 8181 level.
Further, the 3650 and 3130A lines showed greater enhancement
than did the 5771A line and the lines at 4047 and 4079A ex-

hibited only a slight enhancement.

It was observed that those lines which originate on low-
er energy levels, whether they originate from singlet or trip-
let states, do not show an appreciable enhancement. On the
other hand, the lines originating from higher lying states
do show enhancement. It is also interesting to observe that
for those lines which are intercombination lines, no large
enhancement occurs. On the other hand, the lines which are
not intercombination lines do show an enhancement, although
the enhancements of these lines in some cases are such that
their intensities are never greater than in the active dis-
charge. In general, then, it could be concluded that the
enhancement is greatest for those lines originating from the
high lying states, above 8.8 ev. This is true whether the

lines originate from S or D states.

In the theory which was developed by Aubrecht, the en-
hancement in intensity of the mercury atomic lines was Dpro-
duced by ionizing collisions between metastable mercury at-

oms of the form:

1) Hg (6°P,) + Hg (6%p)) — Hg (675y) + Hg# + e

o

It may be seen by reference to Figure 8 that it is only meta-
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stable atoms in the 63P2 state which are capable of ionizing
collisioné of this form, for the energies of either of the
other 63P states are too small for this process. Further,
it was assumed that the resonance state BlPl was not involved

'in this process and this assumption was later confirmed by

the absorption study.

As was previously mentioned, the intensity of the atomic
radiation can be described by the superposition of three de-

caying exponential functions of the form:
2) I(t) = A exp (-at) - B exp (-Bt) + C exp (-yt)

It was shown that such a function does adequately describe
the enhancement effect. Based on this functional descrip-
tion, the enhancement is explained by the following three
mechanisms. The initial steep decay is produced predominant-
ly by volume electron-ion recombination. The enhancement is
then caused by electron production as in equation 1. The
final decay is caused by electron-ion recombination whose de-
cay time is controlled by the rate of electron ambipolar dif-

fusion to the container walls.
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V. CONCLUSIONS

The variation with temperature of the band structures
may best be explained by reference to Figure 9. From this
graph of mercury vapor density as a function of temperature,
it may be seen that at a temperature of about 423°K, the
density begins to increase rapidly. At the two lower tempe-
ratures which were considered in the experiment, 398°K and
428°K, the density is still relatively low. However, at
443°K the density has increased, and at the higher tempera-
tures, 468°K and 488°K, the density is very much higher than

before.

The mechanism which was presented in the theory for the
formation of metastable diatomic molecules involves a three-

body collision of the form:
1)  Heg (63P.) + 2Hg (6%5.) — Hg.(307) + Hg (67s.)
) 0 g 0 828 Yy g 0

Since the number of such collisions which may occur depends
upon the density of mercury atoms, the intensity of the band
structure should show a strong dependence upon density.

This is what was observed.

Further, it was stated in the theory that the molecular
bands at 3350A and 4850A radiate by different mechanisms,
although both are dependent upon the formation of the Hg,
(30;) metastable molecular state. The two mechanisms which

were stated are:
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2)  Hg,(°07) —- 2Hg (6'Sy) + hv(3350A band)
and
3 - 1 1
3)  Hg,(07) + 2Hg(B7S) —s 4Hg(67S,) + hv(4850A band)

The radiation of the 3350A band as shown in equation 2 is
dependent upon the existence of the diatomic molecule. The
radiation of the 4850A band, however, is dependent upon ano-
ther three-body collision, this involving the diatomic mole-
cule and two ground state atoms. Both of these radiation
mechanisms depend upon the density in that they both require
the previous formation of the diatomic molecule by a three-
body collision. However, the radiation of the 4850A band is
again dependent upon the density for its radiation is depen-
dent upon another three-body collision. Hence, it is expec-
ted from the theory that the band at 3350A should be more
strongly radiated at the lower densities and that the 4850A
band should show a stronger density dependence than does the

3350A band.

The results which were obtained in these experiments
verify this theory. The 3350A band increased in intensity
with temperature and density. The 4850A band is apparent
only at high densities, and it increases in intensity with
increasing density. The mechanisms which are stated in equa-

tions 1, 2, and 3 explain the observed experimental results.

It was noted that at high temperatures the half-life of
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the 63P0 state decreases pradically. Since the population of
this state decreases with temperature, there must be a densi-
ty dependent process which depopulates this state. The mech-
anism of equation 1 which provides for the formation of the
diatomic molecules depends upon the destruction of an atom

in the 63P0 state. Hence, the short lifetime for this state
which is seen at high temperatures may be explained by the
depopulation process of equation 1, which itself is density
dependent. Hence, the short lifetime of this metastable

state indicates that the mechanism of equation 1 is correct.

It was shown by Aubrecht 24 that the enhancement effect

which was observed in both his and this author's experiments
could be explained on the basis of ion producing metastable
collisions. In the absorption study, the four energy levels
which could be involved in this process were studied. It was
shown that the metastable 63P0 state and the resonant 83Pl
state both have long lifetimes and are apparently not in-
volved in the enhancement. It was also shown that the reso-
nant SlPl state has a very short lifetime, much too short to
be involved in the enhancement. It was_shown by the investi-
gation of both of the absorption lines of the metastable

63P2 state that the lifetime is shorter than might normally
be anticipated. This state has a half-life on the order of
60 microseconds. The enhancement occurs at a time on the
order of 50 to 100 microseconds into the afterglow. Thus,

it is concluded that the 63P2 state is directly involved in

the enhancement effect.
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This conclusion is sufficient to substantiate the pro-

posed mechanism of ionization:
4)  Hg (6°P,) + Hg (6°P,)) —s Hg' + ™ + Hg (575y)

With this mechanism, the enhancement effect can be explained
as stated by Aubrecht, and as outlined in the Results and

Discussion.
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