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Average electron number density and electron-temperature measurements are presented for
the mercury vapor afterglow in a hot-cathode cylindrical discharge tube at a pressure range
where ambipo]ar diffusion predominates, The average electron number density is measured
using cylindrical microwave cavities in the TMp&() and dipole resonance modes. The electron
temperature is measured by means of a time-resolving 3.0-0Hz radiometer. Three pressure
regions are identified: (1) pp&0.08 Torr, where pp/v„ increases with pp, (2) 0.08&pp&0.18
Torr, where pp/T~ is roughly constant, and (3) 0,18 Torr&pp where pp/Trf increases Here

pp and 7'„are the pressure reduced to 0'C and the density decay time constant, respective]y.
The work presented here is concerned main]y with the first two pressure regions. In the

lowest pressure region, electron-temperature measurements in the afterglow under experi-
mental conditions identical to those used for density measurements are used to determine
after which point in time the electrons reach the neutral-atom temperature. This informa-
tion, along with the density decay time constant, is used to predict a mobility of 0.21 cm
V ' sec- at 760 Torr for Hg' in mercury vapor at 443 'K. This value is in good agreement
with previous theoretical and experimental work. In the second pressure range, the electron-
temperature measurements indicate that, after an initia]. ly rapid drop, a slow decay of elec-
tron temperature~ccuxs- from roughly 1050 to 600'K between 0.5 and 5 msec. In spite of
this temperature change, the density decay curves were exponential over two decades. This
curious observation, which has led previous workers to predict a constant electron temper-
ature around 2000 'K for periods of several milliseconds in the afterglow, has been explained

by postulating that the ion mobility couM vary over this period. The reasons for this as-
sumption are given in the paper and involve Coulomb collisions which are very important in
these experiments. The initially rapid electron-temperature decay occurring during the first
0.5 msec of the afterglow is pressure independent and is well explained by electron-ion
elastic collisions. The slow electron temperature decay after 0.5 msec which occurs in the
second pressure region is pressure dependent and is explained by a balance between energy
gain from collisions of the second kind in the reaction e+3P2 Pl +e and losses doe to elec-
tron-ion elastic collisions. A complete discussion of these processes is given and the ne-
glect of other mechanisms justified.

I. INTRODUCTION

A great deal of experimental work has been car-
ried out in afterglow plasmas to determine the
mobilities of positive ions in their parent gases
and to study other collisional processes. Meas-
urements of the variation of the electron density
in the afterglow of a pulsed discharge have yield-
ed information concerning the ambipolar diffusion
of charged particles and the recombination and

conversion processes of positive ions.
Studies of the mercury afterglow have been car-

ried out by Mierdel' using Langmuir probes, and

by Dandurand and Holt and Biondi using micro-
waves techniques. In Refs. l and 2, the electrons
were not in thermal equilibrium with the ambient
mercury vapor. As a result, only qualitative re-
marks could be made concerning the processes
occurring in the afterglow. Using a I angmuir
probe in the afterglow at a reduced pressure
(O'C) of Po= 66 mTorr, Mierdei found that the

electron temperature decayed to 2200 K within

Q. 25 msec and remained at a substantially con-

stant value of about 2000'K for 2. 5 msec. How-

ever, it is known that electron collection by a
probe in an active plasma will deplete electrons
around the probe; this effect is especially notable

in a pressure range where the electron mean free
path is smaller than the size of the probe. ' In an

afterglow plasma, the depletion is a very serious
perturbation because of the absence of ionization,
and distorts the voltage-current characteristic of

the probe to yield apparent higher electron tem-
peratures. Therefore, the use of a Langmuir
probe in the afterglow for the measurement of
electron density and especially for the measure-
ment of electron temperature is somewhat doubt-

ful. A simple calculation shows that a smal], probe
with a ratio of R/a=26 (where It is the tube radius
and a is the radius of a disc probe} may collect an

appreciable fraction of the total number of elec-
trons within the first 20 p, sec of the afterglow.
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Dandurand and Holt obtained the electron tem-
perature in the afterglow from the measured elec-
tron-density decay time constant. Their results
support Mierdel' s.

In the first part of Biondi' s experiment, helium
was added as a recoil gas to bring the electrons
into thermal equilibrium with the atoms in the
afterglow plasma. Differentiating charged particle
collisions with mercury vapor atoms from colli-
sions with helium atoms, he obtained separately
the ambipolar diffusion coefficients of Hg' and
electrons in mercury atoms and helium atoms. In
addition, from a study of the ionization produced
by collisions of pairs of mercury metastable at-
oms, the diffusion coefficient of the metastable at-
oms (the 'P, state) was obtained. In the case of
pure mercury, he estimated the electron tempera-
ture from the linear decay of the electron density.
He found a value similar to Mierdel's.

The observation that the electron density decay-
ed exponentially suggests that the coefficient of
ambipolar diffusion remained substantially con-
stant during the period of observation. Mierdel
proposed that electrons gain energy from colli-
sions of the second kind with metastable atoms
and lose energy by inelastic collisions as well as
elastic collisions. A balance between the gain and
loss processes causes the essentially constant
electron temperature. However, Biondi made two
criticisms of their argument. First, the charac-
teristic time constant of elastic recoil collisions
with atoms is very much longer than the early
electron-temperature decay time measured by
Mierdel. Second, the fast electrons ( 5-ep ener-
gy) produced by collisions of the second kind
would diffuse to the walls before losing appreci-
able energy by recoil collisions with atoms. He
suggested that electrons produced in the afterglow
by metastable- metastable collisions (electrons
with initial energy of 0. 5 eV will diffuse against
the ambipolar space charge field and may reduce
their average energy to about 0. 3 eV, the value
calculated from the measured electron-density
decay time constant. However, in the pressure
range of his experiment the mean lifetime of elec-
trons is determined by diffusion and is of the or-
der of milliseconds. Surely therefore, elastic
recoil collisions with atoms would also be an im-
portant energy-loss mechanism in addition to dif-
fusion cooling.

We have found that electron-ion collisions are
the dominant electron energy-loss process in the
afterglow under our experimental conditions. The
present study is initiated by an attempt to measure
reliable temperatures using a radiometer and to
explain in detail the decay processes of electron
density and energy in the afterglow.

The loss rate of the atomic mercury ions due to
ambipolar diffusion and conversion is given by the

diff erential equation

—'=D V n -Pn88 p
6 (2)

where v, is the atomic ion number density, D, is
the ambipolar diffusion coefficient of the atomic
ion species, and P is the conversion frequency.

The solution of this equation, when diffusion
occurs in the fundamental mode alone, indicates
an exponential decrease of the ion number density
with time, with a decay time constant v„given by

I/~„= (D,/a')+ qp,'.
Here A is the fundamental-mode characteristic
diffusion length of the plasma, g is the rate coef-
ficient for the three-body conversion process (P
= qpo), and p, is the value of the vapor pressure
reduced to the standard temperature of 0 C. For
the cylindrical discharge tube used in the present
experiments, A = (R/2. 405) =0. 21 cm~, where R
is the tube radius (1.1 cm). Since the ambipolar
diffusion coefficient is inversely proportional to the
reduced pressure, it is more convenient to express
Eq. (3) in terms of the product D, po=D„(D„isthe
ambipolar diffusion coefficient at 1 Torr) as

po/r D 1/~ + lpo '

The ambipolar diffusion coefficient D„and the
conversion coefficient g may therefore, be deter-
mined by measuring 7 „at different vapor pres-
sures and plotting the results in the form of

p,/v„against p, or po.
The ambipolar diffusion coefficient D, is related

to the diffusion coefficients and mobilities of the

ions and electrons by the relation

where D, p, , and T are the diffusion coefficient,
mobility, and temperature, respectively, of each

II. PROCESSES IN THE AFTERGLOW

A. Decay of Electron Number Density

Previous study of afterglow plasmas in mercury
vapor has shown that the principal processes gov-

erning the variation of the ion and electron densi-
ties with time are ambipolar diffusion of ions and

electrons to the container walls, conversion of

atomic to molecular ions, and recombination of the

molecular ions with electrons. Biondi' has shown

that in the mercury afterglow plasma the conver-
sion process of Hg' occurs by a three-body pro-
cess of the form

Hg'+ 2Hg-Hg~ +Hg
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particle, and subscripts i and e refer to ions and
electrons. Thus measurements of D, yield values
of the ion mobilities when the ion and electron
temperatures are known.

8. Decay of Electron Energy

The electron-energy decay in the afterglow is
determined by the balance between energy gain
and loss mechanisms. To interpret properly the
observed electron-energy decay, it is desirable to
know the electron velocity distribution. The elec-
tron energy is determined experimentally by the
measurement of the plasma radiation temperature
T„which is equal to the electron temperature T,
if the electrons have a Maxwellian velocity distri-
bution. ' The time constant v., for energy relax-
ation by electron-electron interactions' is a rough
measure of the Maxwe1. liaIlization time constant.
This time constant is given by

v„=2.59 &&10'(V, /n, in') sec.

Here, Ue is the electron energy in eV, and 5 = 1.24
x10'(T',/n, )'~~, As a typical example, for n,
=5&10" cm-3 and U, =0.5 eV, we obtain 7„
=2 x10 ' sec, which is shorter by about four or-
ders of magnitude than the characteristic time
constant of the early electron-energy decay and of
the electron-density decay. We therefore expect
that electrons have approximately a Maxwellian
velocity distribution in the afterglow, and that our
measured radiation temperatures T„are very
close to the electron temperatures T,. %e will
show experimentally that this is true in the active
dlschal ge.

Mechanisms which can act to increase the elec-
tron energy are (a) collisions of the second kind
involving a free electron and a, mercury atom in a
metastable state and (b) ionizing collisions be-
tween two metastable atoms (only the ~Pz state of
5. 43-eV excitation energy can ionize) producing
0. 44-eV electrons. However, in the late after-
glow, where the average electron energy is about
0. 1 eV in our experiment, the density of these
electrons is very small and their contribution to
the increase of electron energy can be neglected
compared to the energy gain obtained from colli-
sions of the second kind between electrons and
metastables.

Ambipolar diffusion generally tends to cool the
electrons. In any case, its direct cooling effect
on the electrons may be neglected for the condi-
tions of our experiment. This can be seen from
a comparison of the electron-density decay time
constant w„with the collisional energy relaxation
time constant of electrons. In our experimental
conditions, the value of 7'„ is approximately ten
times the energy relaxation time constant.

For the electron densities involved in this exper-
iment, we will show experimentally that electron-
ion elas.ic recoil collisions are dominant. The
effect of inelastic collisions with ground-state
atoms may be neglected, but those with metasta-
ble atoms must be taken into account. In sum-
mary, only energy gain from collisions of the sec-
ond kind is important, and energy losses are due
to elastic recoil collisions with atoms and ions and
inelastic collisions with metastable atoms.

%'ith these approximations, the average electron
energy —,'8 U, in an axially uniform afterglow plasma
with no applied electric field can be written

+ -',e(v, —v, ) n,.q„jf,
where the symbols are defined as follows: n~ is
the number density of atoms in the ground state,
e; is the number density of ions, e, the average
electron vel. ocity, E'„ the elastic energy-loss fac-
tor =+(m, /M)[1+ (U„;/V, )J, where m, and M are
the electron and atom masses, respectively, U,
is the ground-state atomic energy in eV, U,. the
ion energy in eV (approximately equal to U, ), q„
the average momentum-transfer collision cross
section of electrons with the ground-state atom,
and q„ is the average Coulomb collision cross
section at an electron energy U, . The first term
H on the right-hand side of Eq. (I) represents the
energy gain due to collisions of the second kind.
The second term J is the inelastic collision term.
The third and fourth terms represent the energy
losses due to the recoil collisions with atoms and
ions, respectively.

III. EXPERIMENTAL METHODS AND RESULTS

A. Electron-Density Decay

Experiments were carried out in a Pyrex dis-
cha, rge tube of inner diameter 2. 2 cm having a
mercury finger reservoir heated to the desired
temperatures. Details of the tube construction
and processing are given in Ref. 8. The dis-
charge tube itself was kept at 170 'C. Current
pulses were of 0. 5-2. 0 A and 50 p, sec duration.
The pulse repetition frequency was varied from 50
to 100 Hz, depending on the vapor pressure, The
criterion here was that the density should be neg-
ligibly small halfway between the current pulses.
The vapor pressure was varied from 0.02 to 0. 65
Torr by controlling the temperature of the finger.

The average number density of electrons was
measured with a perturbation TM„O mode cavity. ~'
A dipole mode cavity' was used to verify the TM»o
mode cavity measurements, and was found to be
especially useful in the very early Vterglow. Data



shown in this paper were taken with the TMo, o mode

cavity,
Semilogarithmic graphs of the average electron

number density as a function of time in the after-
glow (see Figs, 1 and 2) were linear over two or-
ders of magnitude except for the lowest pressure
measurements of Fig. I. The observation that the
electron density decayed exponentially is not only
evidence for an exponential loss process, but also
suggests that the value of D, is substantially con-
stant during the period of observation. Results of
measurements of Po/7„are shown in Fig. 3 as a
function of vapor pressure. From this figure it can
be seen that the curve may be separated in the fol-
lowing three pressure regions: (1) pa& 0. 08 Torr,
where po/r„ increases with P„(2)0. 08 & Po & 0. 18
Torr, where Po/7„ is almost constant, and (3) 0. 18
Torr & P„where p,/7„ increases steeply.

Q, Electron-Energy Decay

The electron-energy decay in the afterglow was
measured by means of a time-resolving 3, 0-0Hz
radiometer of the type first described by Ingraham
and Brown. " The time resolution of our radio-
meter is 2 g sec. A block diagram of this device
is given in Fig, 4. The theory of this technique
for measuring the electron temperature is ade-
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FIG. 2. Typical electron-density decay curves at
pp=0, 116 Torr. From the slope, 7„=1.22 msec.

quately described in Ref. 6.
To ensure that the radiometer results are de-

pendable we have measured the absorptivity of the
plasma, column at the center frequency (3.0 6Hz)
in the afterglow and the reflections and attenua-
tions in the coaxial lines, the waveguide, and the
circulator. The effect of these various reflections
and absorptions on the radiometer balance condi-
tion was taken into account in a detailed analysis.
Finally, the radiometer results were compared
with the Langmuir-probe temperature measure-
ments (see Sec. IV 8). We are confident that the
radiometer is performing correctly for the mea-
surements described in this paper.
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Measuxements of the electron energy decay have
been made in the pressure ranging from 2. 08
x 10 to 0. 253 Torr. Typical datataken in the first
pressure region (see Sec. IIIA) and the second
pressure region are shown in Figs. 5 and 6, re-
spectively.

It is found from these observations that the elec-
tron-energy decay curve can be separated into two
parts, one of fast energy decay and anon er of rel-
atively slow energy decay. The electron energy
decays quickly within about 0. 5 msec, irrespective
of the vapor pressure. In the second region, the
energy decays more gradually to the oven tem-
perature of 443'K (see Fig. 6).

IV. DISCUSSION

A. Electron-Dt."nsity Decay

Initially we shall discuss the cavity method used
to measure the average electron density. As a re-
sult of the electron collision frequency there may
be a corx ection needed in the formula relating
electron density to the change in resonant frequen-

cy of the cavity. The frequency shift taking into
account collisions is given by'3

~OP 1

(do (0 I+ (V/(d)

whex'e 4(d is the frequency shift due to the px"es-
ence of plasma, and v0, ~~, v, and A. are, re-
spectively, the resonant frequency without plasma,
the average plasma frequency, the electx'on colli-
sion frequency with other paxticles, and a geomet-

rical factor. Using Adler and Margenau' s data'
for the elastic collision probability of electrons in
mercury and the classical formula for electron-
ion Coulomb collisions, we estimate v/&u to be less
than 0, ]. Over the density pressux'e range ln this
work. Since this experiment is more concerned
with exact absolute density values, the collisional
correction factor has been neglected. Vfe have
used a theory for the TM„0 mode' which takes into
account the effects of the cavity end holes as well
as the thickness of the glass tube containing the
plas Dla,
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FIG. 5. Electron-temperature decay at po = 2.08
x 10 Torr.

It is of considerable importance in discussing
the expected behavior of mercury vapor aftergloms
to consider the effect on the plasma decay of small
impurity concentrations. The reaction of mercury
iona with impurities (probably a charge-exchange
process) is an additional loss process and causes
an increase in the rate of decay above that due to
diffusion and conversion. No data for charge ex-
change between Hg' and other gas molecules (Nz

or 0,) are available. However, atoms having a
lower ionization potential have a larger cross sec-
tion' of the symmetrical resonant charge exchange
and because this cross section is much larger than

that for nonsymmetrical charge-exchange colli-
sions, we expect the effect of impurities on the
motion of Hg ions to be negligible. In addition,
since the total collision cross section of electrons
with mercury atoms is more than an order of mag-
nitude larger than that of collisions with the mole-
cular gases Nz or Oz, the effect of impurities on
the motion of electrons is probably negligible.
Using a spectroscope (Spex-1700-II), no detectable
lines of impurity gases mere observed.

The requirements to ensure ambipolar diffusion
in the afterglow, that the Debye length and mean
free paths be much smaller than the tube dimen-
sions, have been satisfied in the pressure and
electron-density range of this experiment.

Studying Pigs. 1 and 5, taken at Po = 2. 08 & 10
Torr, it can be seen that in the linear portion of
the semilog p1.ots of the electron density, electrons
have reached thermal equilibrium with the oven
temperature, which is approximately equal to the
atomic temperature, T, = T,. Using Eq. {4)with
the measured value of P,/v'„= 5. 6 &&10 Torr sec '
and setting g=0, we obtain

l
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FIG. 6. Electron-temperature decay at po =0.116
Torr and P0=0.156 Torr.

I1.,/~'= 5.6»O.
This value yields Jtl;=0. 2j. cm V 'sec at P0=760
Torr for the mobility of Hg' ions at 443'K. Since
the vapor pressure is lom, the mercury ions are
considered to be atomic. Our mobility value com-
pares well mith the measured values of 0.29 ob-
tained by Mierdel, ' 0.22 obtained by Biondi, 3 and
the most recent measurement of 0. 24 +0.03 ob-
tained by Kovar. " It also lies between the two
theoretical values obtained by Dalgarno" and
McConnel et ak. "

As the pressure is increased in the first region,
po/7„111cl'eases (Flg. 3) and tile lollg slowly-decay-
ing electron-temperature tail seen clearly in Fig.
6 gradually increases above the oven temperature.

In the second pressure region, the measure-
ments of the electron-density decay Bnd the elec-
tron-energy decay are shown in Figs. 2 and 6.
The two curves in Fig. 6 coincide. Because
po/1'„ is a function only of electron and ion temper-
atures as well as ion mobility, identical afterglow
electron temperatures implies identical decay time
constants, a fact well verified in Fig. 3 for the
two pressures concerned.

Over the time range of the electron-density de-
cay measurements (Fig. 2), the electron tempera-
ture decays from 1050 to 600'K (Fig. 6), implying
that the slope of the density decay curve might be
expected to change by a factor of (1050+443)/
(600+443) = 1.4. However, the value of ion mo-
bility )L(, is not necessarily constant during the af-
terglow. In fact, the value of p, , at a earlier times
may be smaller than that later on in the afterglow.
There seem to be two possibilities to explain this
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FIG. 7. Electron temperature versus pressure in
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hypothesis.
First of all, the ion temperature in the afterglow

may vary with time because in the early afterglow,
where the electron density and temperature are
high, the ions may gain energy from the electrons
by frequent Coulomb collisions (see Sec. IV 8).
The ion energy at earlier times is probably higher
than that at later times. Theories"' predict that
the value of p, , at a higher ion energy is smaller
than that at a lower ion energy. Although the value
of D„ is a product of p, , and (U, + U, ), and in spite
of the fact that the effect of high ion energies on
both terms is opposite, increasing ion energy does
decrease D,j.

A second possibility, which would contribute to
the above phenomenon, is the momentum loss of
drifting ions owing to interaction with electrons and
stationary ions. This effect is also important in
the afterglow, because there the Coulomb collisions
are more important than collisions with atoms.
This effect would also lower the value of p. ;.
Therefore, to evaluate the electron temperature
from the linear density decay curve' may be mis-
leading and will result in higher electron tempera-
tures.

The third pressure region, where the value of

po/7'„ increases steeply with P„suggests that loss
mechanisms other than ambipolar diffusion loss
are taking place. This process is explained by the
three-body conversion process of the ions, Hg'
+ 2Hg -Hg,'+ Hg. The rate coefficient of this pro-
cess was obtained by Biondi. ' Although the pre-
sent paper is not concerned with this pressure re-
gion, we have checked the linear relationship be-
tween (fo/7„-D„/A') and Po.
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FIG. 8. Voltage-current Langmuir-probe
characteristic.

B. Electron-Energy Decay

To verify the radiometer measurements, a
comparison with a Langmuir probe was made in
the active discharge (Fig. 7). Figure & shows a
probe characteristic. Agreement between these
two methods is good except for lower pressures.
It has been found" that in the mercury vapor pres-
sures range from 10 to 10 Torr, where the
mean free path of electrons is greater than the tube
dimensions, the radiation temperature was nearly
half the electron temperature obtained by means of
a Langmuir probe. This has been explained using
a noise diode theory which is justified by the sim-
ilarity between the plasma wall sheath and the
diode. This theory may be applicable to the low-
est pressure situations in our experiment.

Applying such a correction factor to the radia-
tion temperature in the active discharge it becomes
evident that in Fig. 5 the electron temperature ap-
proaches the oven temperature at t = 0. 3 —0.4
msec. As a further comparison, a theoretical
prediction obtained by Forrest et al. " taking into
account a two-step ionization process (applicable
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e
(10)

where 5 = 1.24 x10'(T',/n, )', n, is in cm ', and

Te ~n K. Using kTe = eUe& kT; = eU;, and ni =
e~

Eq. 10 becomes,

dT, /dt = —2. 8 xl0 ' ln5(n, /T', /')(T, —T;). (11)

to our experimental conditions} is shown in Fig, 7.
It shows good agreement with the Langmuir-probe
data.

As pointed out in Sec. III B, the electron tem-
peratures decay very quickly in the first Q. 5 msec
(hereafter region I) independently of the vapor pres-
sure over the whole pressure range in this experi-
ment. This simply implies that the initial tempera-
ture decay is independent of the presence of atoms.
To explain this phenomenon we propose that diffu-
sion cooling and recoil collisions with atoms are
negligible compared to recoil collisions with ions.
It can be seen that after the initial decay the elec-
tron temperature at higher pressures decays rath-
er slowly to oven temperature. This region of
slow decay shall. be designated region II. The ex-
perimental results suggest that the heating mech-
anism of the electrons depends on the atomic den-
sity and is probably related to the diffusion coef-
ficient of the metastable mercury atoms.

In order to determine the effect of ion recoil
collisions, let us retain only the ion recoil collision
term in Eq. (7}.
Using K„=+(m, /M)(1+ U, /U, ),

io4

I
ha

5
o to
4
CL

EI

rr ld =1.OA

rimental
etical, no heat-
ffects

'oven temperature 443 K

c
0
QI
O io2

0
I

0.2
I I

o.4 o.e
t [msec]

I

O. B I.O

FIG. 9. Electron-temperature decay at pp=0, 116
Torr. The time scale is enlarged five times that of
Fig. 6. Experiment and theory.

is satisfactory for region I, where we have veri-
fied that the energy gain mechanisms are much
smaller than the electron-ion recoil loss process.
The theoretical curve departs from the measured
curve at about t= Q. 2 msec, after which the heating
mechanism, later shown to be collisions of the
second kind with metastable atoms, becomes im-
portant.

The important heating collisions with metastable
atoms are

Since ln6 is a weak function of T, and n„we set
ln5 constant and assume that n, =n,oe '/'~& (where

nep is the value of n, extrapolated to t= 0 in the
early linear part of the electron-density decay).
The solution of Eq. (11) is, therefore,

(i) e+'P, -'P, + e,

(ii) e+'P, -'S, + e,

(iii) e P+, -'S, +e,

~U =0. 57 eV,

~U =5.43 eV,

~U =4. 86 eV.

2(T3/2 T3/2)+ 2T (T1/2 T1/2)+ T3/2

Tl /2 Tl /2 Tl /2 Tl /2
ep i e + i1 Tl /2 Tl /2 Tl /2 Tl /2
e ep + i

= 2. 8 x10 r„,ln5n, o(l —e ' 'ni), (i2)

where Tep is the value of T, at t= 0. Dipole cavity-
density measurements were possible close to the
time origin. These measurements, obtained at
Po= 0. 116 Torr and I„=1.0 A (hereafter we will
discuss this pressure case), show an increase in

slope at t = 1 msec, similar to that shown in the
curves of Fig. 1. Such measurements were used
to extend the TM, 10 cavity results to 0. 4 msec
from which the value of ~„1 and n, o were obtained.

Employing the extrapolated value of n, o
= 8. 6

&10 cm, T'
1

——Q. 39 msec, T 0
-—780Q 'K T]

=443 'K, and ln5 = 9. 0 (value at t = 0), we calculate
T, in Eq. (12) as shown in Fig. 9. The agreement

Collisions of the second kind between electrons
and metastables remove electrons from one region
of energy U, U+ 5U, to another region U+ AU,
U+ AU + hU, where AU is the energy gain due to
the collisions of the second kind. The electrons
energized by collisions of the second kind [(ii) and

(iii)] will tend to be Maxwellianized by electron-
electron collisions in a characteristic time of 3.3
psec [Eq. (6) with n, = 10" cm ' and U, =5.43 eV].
Using the relationship X„=V,/v„, where v, and

A.„are, respectively, the mean velocity of elec-
trons and the mean free path of electron-ion col-
lisions, X„ is estimated as 4. 7 0&10 cm for these
high-energy electrons. Therefore, the lifetime of
this high-energy group will be determined by free
diffusion to the wall owing to electron-atom colli-
sions and not by ambipolar diffusion. Assuming
that the radial distribution of these electrons is in
the form of the zeroth-order Bessel function, us-
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x(v, —U, )(n, q„+n,q„), (14)

where q is the mean cross section of electrons of
collisions of the second kind with the 'Pa state re-
sulting in transfer to the P, state.

Considering that the deexcitation collision pro-
cess of the 3P3 state is small compared to its dif-
fusion loss in the afterglow, the decay of the 'P3
metastable density n is given by

-t /v'
n =noe

where n o and 7 are the initial density of metasta-
bles and their diffusion time constant, respectively.
Using the measured value of the diffusion coeffi-
cient D~=3. 6x103 em~ sec ' at P, =0. 11.6 Torr for
the 'Pa metastables, s and assuming that the radial
distribution of the 3P3 state is the zeroth-order
Bessel function, we obtain 7' = 0.6 msec.

In region II of the electron-energy decay, the
electron density decays exponentially as n; = n,
=n«e ' '», where n«and &» are, respectively,
the electron density extrapolated to t=0 in Fig. 2
and the decay time constant of the electron density
(v„a = i.22 msec). It has been checked that even in
the late afterglow (for example, t = 3.7 msec,
where n, = 10" cm ') Coulomb collisions dominate,
and therefore the term n~q, ~ is neglected in Eq.
(14).

ing the approximate formula, D, = m, X„(where A.„
is the mean free path for electron-atom collisions),
and using Brode' s data for A.„, we obtain a dif-
fusion time constant for these electrons (A'/D, ) of
2 ~10 ' sec. Therefore, these high-energy elec-
trons mill diffuse out of the discharge before losing
energy and attaining a Maxwellian distribution,
and the energy-gain contribution from these high-
energy electrons will be negligible.

The only important energy gain will be the pro-
cess (i) in Eq. (13). The collisions of the second
kind between an electron and a mercury metastable
atom 3P~ producing a 3P, metastable release
0. 57 eV of energy to the electron and have a cross
section maximum of 4. 7 &&10 '5 cma, a» The inverse
process whereby the P» state is converted into the
SP3 state through an inelastic collision with an
electron should also be included. For electron
temperatures below 2000 'K, the inverse process
will be less than a 10% correction, assuming the

P, resonance state density to be no greater than
the 'P& metastable density, a fact which has been
demonstrated by Kenty ' in a steady discharge.
Retaining the recoil electron-ion and electron-at-
om collisions and collisions of the second kind be-
tween electrons and 'P, metastables in Eq. (7), we
obtain

(d/df) -',ev, =0. 57eV, n q V, —,'e—

n O=n, (g /g )e U~'~8, (i6)

where n, is the concentration of atoms in the
ground state (about 4. 1 x10" cm at 0. 116 Torr),
and g, and g are the statistical weights of the
normal atom(= 1) and the 'P2 atom(=5), respec-
tively, and U is the excitation potential of this
metastable state (5. 43 eV). For U, the value
0.74 eV is used, based on probe measurements
(Fig. 6). The population as calculated by Eq. (16)
is n, =1.4x10» cm '. In a steady discharge, it
was found by Kenty ' that the populations of the
O'P states saturated around 100 mA. He found
that the use of the Boltzmann population was a
reasonable estimate for the population ratio of the
two metastable levels but gave absolute values
which were roughly five times larger than those
found experimentally.

We know that, in the electron-density region
studied in this experiment, the metastable atoms
and the free electrons are far from local thermal
equilibrium and that, within the pulse length of
50 p, sec, equilibrium of the metastable population
may not be reached because the diffusion time con-
stant of the 'P, atoms (0. 6 msec) is much longer
than the pulse length of the active discharge.
Therefore, our second estimate involves calcula-
ting the direct excitation to the Pa state. Assum-
ing that the P~ atoms are

dn, 2e p(v)v' ~'q. (v) d v, (17)

where E(v) is the Maxwellian energy distribution
of electrons, U(eV) is the electron energy, and
Q (U) is the excitation cross section from the
ground state to the 'P2 state. Approximating the
measured collision cross section ' by an analytical

Since the electron-temperature dependence of

q„ is T,' and that of g is approximately T,', '
the energy dependence of V,q and oi' V,(U, —U&) q„.
with T, are similar. Considering that the decay
time constant w is nearly half 7'„2, one might ex-
pect the energy decay rate to be much slower than
the decay rate of the metastable density. This may
explain the slow decay of the electron energy in
region II.

In order to discuss the possibility of electron
heating due to collisions of the second kind, the
metastable density in the active discharge should
be known. There are two approximate estimates
for this quantity: one using the Boltzmann popula-
tion and the other using the direct collisional ex-
citation from the ground state.

If there were thermal equilibrium between the
'P2 state and free electrons at temperature T„ the
population would be given by
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function and integrating Eq. (17) numerically, we
find dn 0/dt for electrons of U, = 0. 74 eV to be

dn 0/dt=n„n, 6. VV x10 ". (16)

Substituting n, = 4. 1x].0" cm-' and ~,o= 8.6»0
cm s, we obtain dn, /dt=1. 24x10" cm ' sec '.
Assuming that the metastable population increases
linearly with time during the breakdown pulse and

neglecting deexcitation collisions and diffusion loss
of the SP& state, we obtain n o=exl0'3 cm 3, which
is four times that obtained by the Boltzmann pop-
ulation calculation.

To verify our explanation of the slow electron-
energy decay, the ratio of the first to the second
term in Eg, (14),

0. 38q n oe '~'~
(19)

U~ —U; q~;n, oe

is calculated. Again, approximating the collision
cross section for collisions of the second kind q
by an analytical function and computing the average

cross section for Maxwellian electrons. we obtain
a value for q of 4 x10 "cm at U, = 0. 06 eV (the
electron temperature at t = 6.7 msec in Fig. 6).
Substituting the electron density n, = 1.7 ~10' cm
obtained by extrapolating the linear portion of Fig.
2 to t = 0 and the other values obtained above into
Eq. (19), the ratio works out to be about 6. 6.

This result may seem surprising, since it im-
plies that the electron temperature would in fact,
increase. %'e stress, however, the approximate
nature of our calculations and, in particular, point
out that we have used a value of n„o which is 20
times Kenty' s measured value. It can, neverthe-
less, be concluded that the heating mechanism due
to collisions of the second kind is highly probable.
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