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The afterglow of a 1.3-A 1.5-@sec-duration discharge in helium at 11 Torr was studied in
some detail during the times 15 to 35 psec after the discharge pulse. Spectroscopic measure-
ments were used to obtain the number densities of excited atomic and molecular states, the
conductance of the plasma column was determined from simultaneous electric field and current
measurements, and a 10-@sec current pulse was used to selectively heat the electrons, thus

disturbing some of the afterglow processes. The atomic and molecular ion densities and the
electron temperature, obtained from the spectroscopic measurements, were in good agreement
with the plasma conductance and field strengths. The inferred recombination rate favors the
recent calculations of Mansbach and Keck over the Bates, Kingston, and McWhirter calculations
of the collisional radiative-recombination rate. The rate of conversion of atomic into molecu-
lar ions was dominated by associative ionization of excited atomic states, and good agreement
was obtained by including this process with other known processes.

I. INTRODUCTION

The decaying afterglow of electrical discharges
in helium has been the subject of a very large num-
ber of experimental and theoretical investigations.
Tn the last ten years we have collected almost 100
published papers dealing either directly with the
helium afterglow or with processes which are of
particular importance. Although the level of under-
standing has certainly increased as a result of all
this labor and speculation, it is disconcerting to
realize how much is still unknown.

For low-pressure afterglows Q& 0. 1 Torr) the so-
called collisional radiative- r ecombination model'
is now generally considered to be a correct repre-
sentation, ' and only the rate constants in this
model, and the finer details of the fate of the prin-
cipal-quantum-number-two atomic states, intimately
connected with the electron energy balance, need
further clarification. For medium-pressure after-
glows (0. 1 &P & 100 Torr), where the molecular he-
lium ion becomes important, an appropriate model
which completely encompasses the observed phenom-
ena. has yet to be found. '" ' However, a number
of the experimental observations of afterglows in
this pressure range have been explained reasonably
satisfactorily. For high-pressure afterglows

(p & 100 Torr) there have so far been only a few ex-
perimental measurements, ' which indicate a very
complex situation that is only beginning to be under-
stood. Some preliminary measurements on pulsed
and steady-state low-current arcs at near atmo-
spheric pressure, where the molecular ion concen-
tration is small, also showed unexplained phenom-
ena.

Qne concludes that useful experiments are very
difficult to perform, and that as a corollary there
are numerous errors in the published papers. A

good review of the situation would be invaluable as
an aid in determining what future work should be
the most useful, and with what degree of care mea-
surements must be performed. Such a review would
be a quite difficult undertaking which is not attempted
in the present paper; we have only cited some rep-
resentative references to accompany the preceding
brief comments.

The work presented in this and the following paper
was initiated as a result of a proposed type of mag-
netohydrodynamic generator which would use an
auxiliary ionization source to partially ionize the
helium working gas, and would depend on a relatively
slow recombination rate to maintain a reasonable
electrical conductivity in the generator channel. '~"
Thus a study of the recombination mechanisms and
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rates in high-neutral-pressure low-ionization-de-
gree helium plasmas was begun. The principal
diagnostic method chosen was time- and space-re-
solved spectroscopic measurements of the absolute
intensity of a pulsed helium afterglow, accompanied
by probe measurements of the plasma column con-
ductivity. Like several other experimenters, we
have used the phenomenon of afterglow quenching"'
and its influence upon the light emission and the
conductivity is studied. In an attempt to gain con-
fidence in the diagnostic methods, initial measure-
ments were made at a pressure of 11 Torr, where
it was thought, that existing models could satisfac-
torily describe the experimental results. This was
not true, however, and in the following paper a new

process is proposed in order to explain some of our
results. In general, the diagnostic methods used
here are inadequate for the task of completely un-

ravelling the complex processes involved in higher-
pressure helium afterglows.

In this paper measurements of the atomic and
molecular ion densities, the electron temperature,
and the plasma, column conductance are described
in the early afterglow. The conservation equations
for electron density, ion species density, and elec-
tron energy are checked using known processes and
rate coefficients, and in general reasonable agree-
ment is found within a rather large experimental
error. The measured and calculated plasma column
conductances were also checked in detail. It was
inferred from the measurements that the process of
associative ionization and its inverse, dissociative
recombination, were not properly understood, and
the measurements pertaining to this process are
described in the following paper, where a new model
is proposed.

II. EXPERIMENTAL EQUIPMENT

A block diagram is shown in Fig. 1. The dis-
charge was created in a 7.7-mm-diameter glass
tube, 40 mm long, between a thermionically emit-
ting tungsten cathode and a plate anode. This tube
had a 3-mm gap in the middle so that spectroscopic
observations could be made without distortion by
the glass tube, and the whole arrangement was en-
closed in a stainless-steel chamber with Viton O-
ring seals. Helium, purified by passing through
a quartz leak, flowed continually through the cham-
ber. Impurities outgassing from the O rings were
unimpor tant for the measur ements desc r ibed her e,
but became important at higher pressures, where
they precluded measurements.

The discharge was pulsed at 100 Hz, had a max-
imum current of 1.3 A, and was 1.5 psec long.
All experiments were performed at a helium pres-
sure of 11 Torr. The heating of the gas by the dis-
charge pulse was negligible, and the gas temper-
ature was measured to be approximately 450 'K
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FIG. l. Block diagram of the electronic control and
data recording for the pulsed discharge.

with a tungsten-wire resistance thermometer.
The light emitted from a small region of the

plasma column is focussed by a system of mirrors
on the entrance slit of a 1-m grating spectrometer.
At the exit slit single photoelectrons from a 1P28
photomultiplier are counted on a, sealer for a preset
number of discharge cycles and recorded on punched
paper tape. By using a tungsten-ribbon filament
lamp, calibrated for brightness, the spectrometer-
photomultiplier combination was calibrated for ab-
solute intensity measurements.

The photoelectron counting system was gated on
at a preset delay time after each discharge, and
stayed on for a preset gate time, so that synchro-
nously sampled light detection was achieved. The
discharge chamber could be automatically moved
in steps by a motor, so that the true radial dis-
tribution of light intensity could be obta, ined by
means of an inversion, which was performed by us-
ing the numerical method described by Bockasten. 7

Two floating probes inserted into the plasma col-
umn 20 mm apart were used to determine the electric
field strength when a small pulse of current was
passed through the decaying plasma, and thus the
plasma conductance was measured. Larger pulses
of current were used to heat selectively the elec-
trons. Further description of the experiment and
some preliminary analysis is given in the report
by Stevefelt.

III. AFTERGLOW PROCESSES

It has been shown that three-body electron-elec-
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tron-ion recombination into highly excited levels,
followed by electron collisional and radiative cas-
cading to the ground state, is the dominant ion loss
process under a wide variety of conditions in helium
plasmas. ' This process, termed collisional ra-
diative recombination by Bates, Kingston, and
McWhirter, ' can be represented by the following
reactions:

He'+ 2e He'"'+ e

He'"'+ e He' '+ e

He'"'-He' '+hv .
These processes produce excited-state densities

which are predictable functions of the electron tem-
perature and density, a,nd thus the presence of col-
lisional radiative recombination can be verified by
quantitative spectroscopic measurements. This
process is expected to be applicable to molecular
helium ions as well as to atomic ions, ' '3 although
there are definitely other complications which affect
the molecular jons.

Dissociative recombination had at one time been
thought responsible for the rapid recombination rate
measured in early microwave studies of the helium
afterglow. ' This process is the inverse of asso-
ciative ionization,

He~"'+ He Hes' (v)+ e

discussed in the next paragraph. The vibrational
state v of the molecular ion mustbetheground state
if molecular ions at room temperature are to par-
ticipate. Spectroscopic studies have shown quite
conclusively that dissociative recombination from
the ground vibrational state does not occur to a sig-
nificant extent, ' and Mulliken has stated that
this is reasonable in view of the expected behavior
of the potential energy curves of excited He2.

Associative ionization, process (2), is respon-
sible for creating molecular hei. ium ions from ex-
cited atomic states, and was originally found in
mass spectrometer studies. ' It was later deter-
mined ~ that the excited atomic state must have a
principal quantum number of a,t lea.st 3 in order that
process (2) be energetically possible. '3 The as-
sociative ionization rate constant has been deter-
mined for some n= 3 atomic states by Teter, Niles,
and Robertson.

Atomic ions are directly converted into molecular
ions by a three-body process,

He'+ 2 He -He2'+ He,

whose rate constant has been determined by several
experimenters. ' ' Paired collisions of meta-
stable He (2'S) atoms result in atomic ions,

He(2'S)+He (2'S) -He'+ He+ e

a process whose rate constant has also been deter-

mined by several experimenters. ' ' The forma, -
tion of excited molecular helium from excited atomic
helium by a three-body process is negligible, if the
rate is not larger than that measured by Teter and
Robertson'4 for He(2~P).

The deexcitation of the metastable He(2'S) state
by electron collisions,

He(2 S)+ e -He(l'S)+ e +19.8 ev, (5)

is important in the electron energy balance. The
rate constant has been calculated from the excita, —

tion measurements of Schulz and Fox" by Bates,
Bell, and Kingston, ' and is approximately constant
in the range 1000 & T, & 4000 'K. Gryzinski's 1959
semiclassical prescription" gives a rate constant
about 80'%%uo larger, while his later results" for op-
tically forbidden transitions lead to a much smaller
rate constant which is only about 26'%%uo of that given

by Bates et al. Poukey, Gerardo, and Gusinow,
using the excitation cross-section calculations of
Morrison and Rudge, ' find a rate constant pro-
portional to T', which is about one-third the value
of Bates et al. in the above-quoted temperature
range.

It has been shown by Ingra. ha, m and Brown that
the inverse of process (5) cannot be generally ne-
glected, and they give a result applicable to the
case where process (5) is in approximate equilibrium
and ihe net rate is determined by electron-electron
collisions. As discussed in Sec. IV E, their model
predicts a moderate decrease in the rate of process
(5) for the conditions of the present experiment.

Finally, the ambipolar diffusion coefficient of the
atomic and molecular ions has been measured by
many experimenters, with good agreement among
the more recent determinations.

IV. EXPERIMENTAL RESULTS

A. Late Afterglow Decay

For delay times greater than 300 p. sec both the
helium atomic lines and the helium molecular bands
decay with a characteristic rate of approximately
—1.2 &&10 sec '. This is in agreement with the ex-
periments and analysis of Gerber, Sauter, and
Oskam' for the case where ambipolar diffusion dom-
inates the electron loss, in combination with three-
body formation of molecular ions, process (8), and
collisional radiative recombination as the source of
light for both the atomic lines and molecular bands.
Under these conditions the characteristic rate for
electron loss is approximately one-third of that for
the radiation, due to the three-body nature of pro-
cess (l). 62 This is also in agreement with the time
constant of our measured values of plasma con-
ductance, which is proportional to the electron den-
sity in the late afterglow.

Some weak impurities were found in the emitted
spectrum, which have been identified as nitrogen
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and hydrogen. The N~' band at 3914 A decayed
much slower than the helium lines and bands; for
delay times greater than 300 JLLsec it decayed ex-
ponentially with a characteristic rate of —4 &10
sec '. During the first 200 psec of the afterglow
the nitrogen band intensity was much brighter some
distance outside the discharge than it was at the
center, while in the late afterglow the radial varia-
tion of intensity was similar to that for helium.
Since the N~' band is probably formed by a Penning
process from the ground state, it is possible that
virtually all of the nitrogen is ionized in the center
of the column during the early afterglow, resulting
in a decrease in the rate of the Penning process.
This assumes that a Penning process is not able
to excite the Nz' band from the ground Nz' state.

It is not clear if the N~' band is excited by the
metastable He(238) atoms or by helium ions. Later
measurements of the He(2~$) decay gave a char-
acteristic rate of —1.5&10' sec ', while the char-
acteristic decay rate of —3.8 &10 sec ' found for
the electron (and ion) density in the later afterglow
agrees well with that found for the N~' band. The
impurity content, however, was less in the later
He(2 'S) measurements, which could play a signif-
icant role.

The hydrogen Balmer series rose in intensity in
the early afterglow, and later decayed with a char-
acteristic rate of —7. 1 &10 sec '. The radial dis-
tribution was similar to helium. These lines were
strongly quenched in the afterglow when the electron
temperature was raised, indicating that they result
from recombination of hydrogen ions. The nitrogen
bands were not quenched at all by electron heating,
as expected for a Penning excitation process.

This impurity radiation was less than I% of the
intensity of the strongest rotational line of He2 in
the early afterglow, and thus should not affect the
measurements. Subsequent experiments in which
the purity was significantly increased showed no
effect in the early afterglow. However, in the late
afterglow (especially at higher helium pressures)
the impurity content definitely affected the results
and precluded measurements with the present sys-
tem.

In addition to numerous very weak, unidentified

lines (probably molecular helium), there appeared
to be a continuous weak background radiation
throughout the visible spectrum, which decayed
with time.

B. Electron Temperature and Density from 15-
to 35-@sec Delay

The logarithm of the number density of the ex-
cited states of atomic helium on the center line of
the plasma column (x= 0) plotted versus ionization

energy is shown in Figs. 2 and 3 for 20- and

35- p,sec delay. By assuming equilibrium between
the highly excited states and the free electrons,
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FIG. 2. Plot of the logarithm of the excited helium
state densities versus the ionization energy of the state,
on the axis of the plasma column at 20-psec delay after
the end of the discharge pulse.

given by the Saha equation,

n, n, /n„= (g,g,./g„) (2v~, &I' /g2)s~~ e -~„&», , (6)

the product of ion and electron density and the elec-
tron temperature can be found. In Eq. (6), n„ is
the excited-state density, E„ is the ionization energy
of this state, the g's are the multiplicities of the
states, and the other symbols have their usual
meaning. From these and other plots it is found
that the electron temperature is approximately con-
stant, both in time from 15- to 35- p, sec delay and
in space with radial position.

In Fig. 3 the relative populations of lower states
with the same principal quantum number indicate
a "population temperature" equal to the electron
temperature, with the exception of the 3S state, as
was previously found by Robben et al. ' under some-
what different conditions. This indicates that the
electron- induced collision rates between these states
is considerably larger than the net radiative rates.

Some excited-state molecular densities are also
shown in Fig. 2, obtained from measurement of the
total molecular band intensities. The oscillator
strengths for these bands, given in the Appendix,
were calculated by use of the Coulomb approxima-
tion as given by Bates and Damgaard. For large
principal quantum numbers where Saha equilibrium
with the electrons is approached, the molecular
densities are about 30% of the atomic densities,
which gives a, molecular iondensity 30% of the atomic
ion density.

The characteristic decay rate of the atomic lines
with large principal quantum number was found to
be —2. 8 &10 sec ', while the characteristic decay
rate of the corresponding molecular bands was equal
to zero, within the experimental error, at a delay
time of 25 psec. From this, the fraction of mol-
ecules at 20- p.sec delay, and the value of n,n,- given
in Fig. 3 at 35 p, sec, we find the atomic and molec-
ular ion and the electron densities during the pe-
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riod 15-35 p.sec shown in Fig. 4. The atomic
ion density is decaying during this period while the
molecular ion density is increasing.

The variation of electron density with radial po-
sition in the plasma column was also calculatedfrom
the spectroscopic measurements, and is shown in

Fig. 5 at 15-, 25-, and 35- @sec delay. These
measurements were extrapolated to zero at
3. 85 mm, the tube radius, even though the gap in
the tube caused a finite density beyond this radius.
At 35psec the radial variation of the density is
nearly a first-order Bessel. function.

Afterglow quenching experiments were performed
by passing a small current pulse, starting at
20- p.sec delay with 10- lLl, sec duration, through the
plasma column. This current pulse raises the elec-
tron temperature, and thus reduces the collisional
radiative recombination, process (l), as the over-
all rate is theoretically inversely dependent on the

0
0 O. I 0.2 03

r, cm

l

0.4

FIG. 5. Variation of the electron density with radius
in the plasma column, at three different delay times.

electron temperature to about the 4. 5 power. The
visible radiation, the densities of most excited
states, and the rate of associative ionization, pro-
cess (3), are all reduced during this heating pulse,
while the rate of ambipolar diffusion is increased
due to the increase in the electron pressure. Be-
cause of these changes in the various rates, it is
also expected that the densities of the ions and meta-
stable states will be modified immediately after the
heating pulse as well. Systematic measurements
were thus made during the heating pulse (at 25- psec
delay) and after the heating pulse (35- psec delay).

In Fig. 6 the change in intensities due to the heat-
ing pulse, both during and after the heating pulse,
are shown for the ~3889 line originating from the
He(3'P) atomic state and the &4650 band originating
from the He2(3P3il) molecular state. For small
currents the intensities drop during the heating
pulse and increase after the heating pulse. At cur-
rents above 200 mA, &3889 begins to increase in

intensity during the heating pulse, presumably due
to the onset of excitation of the He(23S) state, and

both A3889 and A4650 decrease in intensity after
the heating pulse, presumably due to the increased
ambipolar diffusion. Similar results have been
reported by Anderson, and the technique has also
been employed by Kenty ' and Chen, Leiby, and
Goldstein. '

The population densities of the higher-lying
atomic levels during the heating pulse (25- psec
delay) and on the axis of the discharge are shown
plotted in Fig. 7 as a function of the ionization en-
ergy. Since the electron density is not appreciably
changed by the short heating pulse, straight l.ines
representing equilibrium at a value of (n, n~)'
= 1.67 &10' cm were fitted to the data, as shown,
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and the electron temperatures given on the figure
were derived.

The quantum levels 10 to 13 show a systematic
relative increase above equilibrium as the electron
temperature is increased. It is believed that this
is due to an overlapping of these levels by an N~'

impurity band. The Na' impurity radiation was

found to be independent of the electron temperature,
and subtraction of a constant background intensity
for the quantum levels 10 to 13 results in good
agreement with the equilibrium line.

A similar analysis was made for a point 2 mm
from the center of the plasma column, and although
the electron temperature with no heating pulse was
found to be the same, larger values were found with
the heating pulse. In Table I these spectroscopi-
cally determined electron temperatures, at x= 0
and 2 mm, are given (at 25-psec delay) along with
the pulse current, electric field strength, and cal-
culated electron temperatures to be described in
Sec. IVC.

The population densities of the higher-lying
atomic levels after the heating pulse (35-psec
delay), and on the axis of the discharge, are shown
in Fig. S as a function of the ionization energy. Al-
though the rise in density of these levels is quite
marked, only rather imprecise changes in electron
temperature and density can be found by attempting
to fit straight lines to those levels expected to be
in equilibrium with the free electrons. The values
shown on the figure indicate a small, but uncertain,
drop in electron temperature, accompanied by a
small (-7%) rise in electron density.

C. Plasma Conductance and Electron Temperature

The electrical conductivity was calcul. ated ac-
cording to the prescription given by Schweitzer and
Mitchner, ' with the electron-atom cross section
taken from Frost and Phelps. The radial varia-
tion of the conductivity was found using the spec-
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troscopically determined values of n, (Fig. 5) and

T, and then integrated over the column cross sec-
tion to give the total plasma conductance. In Fig. 9
the calculated conductance is shown as a function
of time, along with the values measured using the
floating field probes with a small current pulse.
Reasonable (-20/q) agreement is found, although
the calculated conductance does not decay as rapidly
as the measurements indicate. This is probably
due to errors in ~, and T, near the wall of the tube,
which were determined by extrapolation and are of
lesser accuracy.

Figure 10 shows the calculated and measured
conductances during the heating pulse plotted as a
function of the heating pulse current. Reasonable
agreement is found. Interestingly enough, the
heating of the electrons introduces only a small
change in the conductance. The conductivity as-
sociated with the electrons and neutrals (o ) and
the conductivity associated with the electrons and
ions (o„) are approximately equal at T,=1275 'K,
while 0„ is about eight times larger than 0.«at T,
= 4000 K. Since 0. decreases with increasing T„
while a„ increases, it turns out that the total con-
ductivity changes rather little.

In Fig. 11 comparison is made between the cal-
culated and measured conductances after the heating
pulse, as a function of the heating pulse current.
Again, there is littl. e dependence on the pulse cur-
rent, and reasonable agreement is found.

The electron temperature is elevated above the
gas temperature, in the absence of an electric field,
because part of the energy available as a result of
recombination goes into heating the electrons. Un-
der the conditions of this experiment the dominant
part of this heating should come from the electron
deexcitation of the He(2'S) state, process (5) (see
Sec. IV E for a discussion of the electron energy
balance). This metastable electron heating will
result in a power density HD which is approximately
independent of the electron temperature (when the
metastable density is constant). If the time rate of
change of the electron temperature and the electron
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FIG. 10. Plot of the measured plasma condu tance
versus pulse heating current, during the heating pulse
at 25-ILtsec delay, compared with that calculated using
the spectroscopically measured values of electron den-
sity and temperature.

thermal conductivity are neglected, the electron
energy equation can be written as

H()+iE= H„+H„,
where i is the current density, E the electric field
strength, and H and H„are the power loss rates
due to elastic collisions of the electrons with atoms
and ions, respectively. [See Bates and Kingston'
for a discussion of Eq. (7) when iE is zero, and
Robben6T for the case where HD is zero. j

Since the lifetime of the He(2'S) state islongcom-
pared to the duration of the heating pulse, Ho will
be approximately constant during the heating pulse.
Thus Ho can be found from the measured ~, and T,
in the absence of a heating pulse, and then T, can be
calculated with a heating pulse using the measured
total pulse current, the radial dependence of the
conductivity, and the measured electric field strength.
The resulting calculated values of T, are given in
Table I at r= 0 and 2 mm, where they can be com-
pared with the spectroscopically determined tem-
peratures. We see that the measured temperature
difference between the center and the outer point
is predicted by the theory, and is due to the elec-
tron-ion collisions. These collisions are much
more important near the center, and they tend to
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FIG. 9. Plot of the measured plasma conductance
versus delay time, compared with that calculated using
the spectroscopically measured values of electron den-
sity and temperature.
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FIG. 11. Plot of the measured plasma conductance
versus pulse heating current, after the heating pulse at
35-psec delay, compared with that calculated using the
spectroscopically measured values of electron density
and temperature.
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TABLE I. Comparison of the spectroscopically mea-
sured electron temperatures with those calculated from
the measured electric field strength and current in the
plasma column.

Electric
field
(V/m)

Cente r of dis charge
M easured Calculated
electron electron

temp. temp.

2 mm from center
Measured Calculated
electron electron

temp. temp.

0
40
81

130
200

1275
1320
1570
2000
3250

1275
1350
1610
2150
3150

1275
1350
1650
2220
3800

1275
1370
1670
2250
3250

D. Ionic Conservation

It is possible to make several checks on the con-
servation equations for the atomic and molecular
ions, to see if agreement with the results calculated
from processes (1)-(4) is achieved. Here we pre-
sent the results of two such checks which do not
make use of the afterglow quenching measurements.
The rate of conversion of atomic to molecular ions

diminish i in Eq. (7) while increasing H„, resulting
in a lowered electron temperature.

The effect of the thermal conductivity of the elec-
trons was ca1culated and found to be relatively un-
important, at low electron temperatures because
of the lack of an appreciable gradient, and at high
temperatures because of the increased magnitude
of the other terms in the energy equation. At the
walls of the tube there is a loss of electron energy
due to the diffusion of only higher-energy electrons
through the sheath, ' but this is small compared to
the total electron energy loss in the plasma. Near
the walls, though, the electron temperature will be
considerably lower and dependent on the thermal
conductivity. This lower electron temperature near
the wall affects the accuracy of the calculated con-
ductance of the plasma column.

The above comparisons of conductance and elec-
tron temperature establish a degree of confidence
in the spectroscopic determinations of n, and T, .
While these are not precision measurements in any
sense, it is gratifying that the theoretical expres-
sions for electron transport do lead to consistency
with the experimental measurement.

The experimental data. were also analyzed as-
suming a lower electron temperature (960 'K), so
that the line indicating equilibrium in Fig. 2 passes
through the levels with quantum numbers greater
than 10. Then the calculated conductivity becomes
smaller and the calculated electron temperature
higher, leading to considerable disagreement with
the measured values. The base electron tempera-
ture of 1275 K leads to about the best over-all con-
sistency between the various measurements and cal-
culations.

appears to be in good agreement with known values
of the processes, while the rate of electron recom-
bination is found to be about one-half of the co1.-
lisional radiative rate calculatedby Bates, Kingston,
and McWhirter, ' in agreement with the previous
measurements of Robben et al. ' and the recent
theoretical cal.culations of Mansbach and Keck.

Using the values of n„[He'], and [He&'] found at
the center of the plasma column from the spec-
troscopic measurement, as shown in Fig. 3, the
characteristic rates v, for the electrons, v, for the
atomic ions, and v for the molecular ions were
found to be the following:

v, = —1.05 &10' sec ',
v, = —1.70&&10 sec ',
v = 1.08 &10' sec '

(8)

e Vcr+ mm+ ed (10)

where v,d represents the electron ambipolar diffu-
sion rate.

We will use the values of the ambipolar diffusion
coefficients given in Ref. 8, 470 Torr cm sec ' fo~

the atomic ion and 750 Torr cm' sec ' for the molec-
ular ion. To find the atomic ion diffusion rate v,d

we will assume that the radial distribution of the
ions follows the first-order Bessel function (which
is approximately true, see Fig. 4), and taking into
account the different gas and electron temperatures
we obtain

A p 345&273 2 T

7. Ox10 sec ' . (11)
In this formula A is the characteristic diffusion

Also, the fraction of molecular ions at 25 psec was
found to be given by

[He2']/n, = 0. 25 .
Consider now the characteristic rate for the elec-
trons. Process (1), collisional radiative recom-
bination, is a loss process with a characteristic
rate whichwe will denote by v„. Process (4) re-
ionizes some of these recombined ions, which rate
we will denote by v . The combination of these
two processes has been treated by Bates, Bell, and
Kingston"; Stevefelt" has recently shown that
process (4) is of more general importance in after-
glow decay than previously recognized. Process (2),
associative ionization, may also reionize recom-
bined atomic ions; however, since many levels of
the excited atom are involved, as proposed in the
following paper, it appears that this process does
not have much effect on the electron loss. Pro-
cess (2) will then be neglected. We thus have
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The diffusion rate for the electrons is then given
by the weighted average of (11) and (12). For pro-
cess (4) we will use the rate constant k = 6. 7 &10 '0

&& T,' cm' sec ' given in Ref. 52, and we find that

v = k [He(2'S)]'/n,

=3.8&10 sec '

with [He(2'S)] = 6. 0 &10' cm as determined by ab-
sorption measurements. " If we now solve Eq. (10)
for v„, we find the value given in the first row of
Table II.

On the basis of the collisional radiative-recom-
bination model the rate of recombination can be
found by summing all radiative transitions to the
principal-quantum-number-two states (plus a con-
tribution from collisional transitions which is neg-
ligible in the present case), as was done by Hobben,
Kunkel, and Talbot. Since we are assuming that
the molecular ions follow the same model, the mo-
lecular radiation must be included as well. Ab-
solute intensity measurements were only made of
the n Z-2 II and n Z-2 II series; however, later
measurements which included all measurable mo-
lecular bands, but at somewhat different discharge
conditions, enable us to estimate the total molecular
recombination rate. It is approximately 30% of the
atomic rate, and thus is proportional to the molec-
ular ion fraction as determined by the large quantum
number intensity ratio. This gives additional ev-
idence for the assumption that the recombination
rate is the same for the molecular ions as for the
atomic ions. The characteristic recombination rate
derived from the radiated photon rate is given in

the second row of Table II, . and is seen to be about
twice that found from the conservation equation.

The neglected rate of associative ionization may,
according to the model proposed in the following
paper, increase the rate of recombination above
a Priori calculations based on the coll. isional radi-
ative model, but the rate calculated from the radi-

TABLE II. Comparison of the characteristic rates
for recombination.

From conservation, Eq. {10)
From radiated photon sum
From tables of Bates, Kingston,

and McWhirter {Ref. 1)
From Mansbach and Keck (Ref. 69)

Hate {104sec )

—0 6
10 2

2 0 7
1y 3

length, T, is the gas temperature, 345'K was the

gas temperature in the measurement of Ref. 8, and

273 K is the reference temperature for the quoted
value of D, PO. By a similar calculation we find the
molecular diffusion rate v, to be

1.1 x10' sec

ated photons should still be correct. Examination
of the errors in the conservation equation calcula-
tion shows that if the electron temperatur e decreases
by 7% during the period 15-35 psec, which is
slightly outside the estimated experimental error,
an additional decrease of about 10% in n, at 35 psec
as inferred from atomic line intensities would be
found. This would increase v, by about 50%, which
in turn would doubl. e the value of v„ in the first line
of Table II and lead to agreement with the second
line. Thus we believe the value in the second line
of Tabl. e II represents the best measured value of
v„, although it depends on the assumption of some
specific details of the recombination process.

The value of v„ in the third line of Table II was
found from the tables of Bates, Kingston, and Mc-
Whirter' using the measured electron density and
temperature. This value is somewhat more than
twice that found from the photon sum.

Mansbach and Keck have calculated low-energy
classical electron excitation and ionization rates by
a Monte Carlo trajectory technique, and find values
considerably smaller than given by Qryzinski's'
formulation for the excitation of highly excited
atomic states. They use their results to calculate
the collisional (neglecting radiation) recombination
rate, and find the equation o' = 2. 0 &10 ' n,[AT,/e]
cm'sec ', where kT,/e is the electron temperature
in eV and n, the electron density in cm 3. The value
of v„derived from this formula is given in the last
line of Table II, where it is seen to be in good agree-
ment with the experimental value found from the
photon sum.

The calculation of Mansbach and Keck neglects
the contribution of radiative transitions to the re-
combination rate, and thus is valid for high electron
densities and low electron temperatures. The pres-
ent plasma belongs to this class, as shown by cal-
culation, and thus the result quoted in Table II does
not require a significant radiative correction. The
calculations of Bates, Kingston, and Mc%hirter, '
based on Gryzinski's' cross sections, predicts ap-
proximately a factor of 2 larger rate for the pres-
ent conditions. Less than 10% of this increase is
due to radiative transitions, the remainder appar-
ently being due to the use of larger cross sections.
They also do not obtain a T, behavior in the col-
lisional limit.

In a more approximate treatment of collisional
radiative recombination, Curry" uses a modified
form of the Thomson collisional cross sections.
He obtains a. collisional recombination rate which
is exactly one-half of that obtained by Mansbach
and Keck.

The summary of experimental measurements
given by Curry, ' and to a lesser extent the sum-
mary in Mansbach and Keck, favor the results
of Mansbach and Keck over any of the other theories.
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Further, both the collisional deexcitation rates and
the recombination rates found by Bobben, Kunkel,
and Talbot are in good agreement with Mansbach
and Keck's rates. Finally, the recent work of John-
son and Hinnov' led to collisional rates smaller
than Qryzinski's, ' which are in good agreement
with the results of Mansbach and Keck. The con-
clusion is that Mansbach and Keck treat collisional
recombination more correctly than Bates, Kingston,
and McWhirter, and that radiative corrections
should be added to their calculations in order to ex-
tend them to a wider range of plasma conditions.

Let us now consider the characteristic rate for
conversion of atomic ions into molecular ions. The
conservation equation for atomic ions is given by

va cr+ vad+ vmm va3b aai (i4)

where v~b is the characteristic rate of three-body
molecular ion formation, process (3), referred to
the atomic ion density, and v, is the characteristic
rate of associative ionization, process (2), referred
to the atomic ion density. The conservation equa-
tion for molecular ions is given by

V~= Vcr+ Vmd+ V~b+ Vma~ ~ (i5)

where v~b and v „are now referred to the molec-
ular ion density. We have assumed that v„ is the
same for both ions, and further that associative
ionization creates molecular ions from highly ex-
cited atomic states which have not recombined by
process (1), as discussed in the following paper.

By subtracting Eq. (15) from Eq. (14), v„will
drop out. The rate of three-body conversion was
taken from Oskam and Mittelstadt, ' and converted
to the gas temperature of 450 'K by assuming a I/T
variation. 4' The result is given by

v~b= -3 &&10 sec ' (16)

The rate of associative ionization is determined in
the following paper,

18 ~103 sec (i7)

From the measured atomic and molecular rates,
relations (8), we find that v, —v„= —28&&103 sec ',
while using the values of the various processes in
the difference of the right-hand sides of Eqs. (14)
and (15) leads to v, —v = —28 &&10s sec '. This
perfect agreement is accidental, as our estimated
error is of the order of 20%. Nevertheless, our
treatment of the process of associative ionization,
the dominant term in the formation of the molecular
helium ions, seems to be correct. Further, this
result is insensitive to small variations in electron
temperature, unlike the result for electron conserva-
tion.

E. Conservation of Energy for Electrons

In this section known processes are used in the

TABLE III. Magnitude of terms in the electron energy
equation.

HO

Hem~

Hmo&

elastic collisions, Eq. (7)
electron deexcitation of
metastable, process (5)
ionizing .metas table col-
lisions, process (4)
direct recombination,
process (1)
estimated for molecular ions

Energy rate
(10 eVcm 3 sec )

6.2

2.8

0. 2

1.0

electron energy equation to see if agreement is ob-
tained with the measured electron temperature of
1275 'K at 25- psec delay. Since the He(2 S) state
plays an important role in the electron energy equa-
tion, the conservation equation for this state is also
considered. We find a significant lack of agree-
ment which is unexplained.

The electron energy equation is simplified by
neglecting heat conduction, diffusion cooling, and
the time rate of change of the electron energy.
What remains then is simply a series of terms,
representing the various processes which transfer
energy to and from the electrons, that sums to zero.
These terms, which are discussed in the following,
are given numerically in Table III.

The electron energy loss Ho in elastic collisions
with ions and neutrals has been considered in
Sec. IVC, and the value as determined by Eq. (7)
is given in Table III in units of eVcm 'sec '. It is
interesting to note that this value indicates an en-
ergy loss per recombined electron of 29 eV, based
on the recombination rate —2. 2 &10"cm 'sec ' as
determined by the emitted photon rate (see Table II).
Since only 24. 6 eV of energy are available for each
recombined ion, at a maximum, this indicates that
there must be an additional source of energy, such
as the He(2 ~S) state.

Direct electron deexcitation of the He(2 S) state,
process (5), results in the term H, listed in Ta-
ble III. A metastable density of 6 &10'~ cm-' was
used, with the rate constant taken from Bates,
Bell, and Kingston. If the inverse reaction is
taken into account according to the model proposed
by Ingraham and Brown, a rate reduction of about
50% is found.

The rate of metastable ionizing collisions, pro-
cess (4), has been given by Eq. (13). This process
liberates 15 eV of energy, which has been used in
calculating H in Table III. Ingraham and Brown
have reasoned that only 9 eV will be transferred to
the electron, on the average, with the rest being
shared between the atom and ion. This is a complex
problem, and it is not obvious that the logic of Ingra-
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TABLE IV. He(2 3$) characteristic rates.

Process Bate (104 sec ~)

Electron deexcitation, process (5)
Ionizing metastable collisions, process (4)
Diffusion, D/A
Formation by recombination

—2. 4
2 Q 3

—0.3
2. 8

ham and Brown is correct.
With every recombination event the energy from

the ionization limit down to the excited state where
deexcitation proceeds by radiation is transferred to
the free electrons. Byron, Stabler, and Bortz
discuss this problem and give a graph from which
the value can be estimated. For our conditions
about 1 eV is transferred, and this results in the
value for II„ in Table III.

Absorption measurements of the molecular meta-
stable state He&(2'Z) gives a density of about
1 &10 cm, which is too low to be an important
independent energy source. If we thus assume that
all molecular recombination events immediately
result in a transfer of the metastable energy to the
electrons, we find the value H „in Table III. It
may well be, however, that an appreciable fraction
of this energy is instead transferred to the atoms,
since the molecule must eventually dissociate.

The sum of the sources in Table III is 5. 1&10"eV
cm~ sec ', about 85% of Ho and within the estimated
experimental error. This would be considered sat-
isfactory agreement except that the time behavior
of He(2 S) is not correctly predicted, as shown in
the following.

I et us consider the characteristic rates for the
He(2'S) state. These are summarized in Table lV,
with process (4) and process (5) as losses, and with
the atomic recombination rate given by the measured
photon rate as a source. Thus we should have a net
rate v „=—2. 2&10' sec ', which would give about
35% reduction in the metastable density over the
period 15-35 psec. However, the nearly constant
electron temperature indicates that v „is numer-
ically l.ess than 4 &10'sec '. Further, when the
electrons are heated in the 10-csee pulse, essen-
tially stopping the recombination rate, we should
expect an additional 25% reduction in the metastable
density after the heating pulse. This should lead to
a reduction of the electron temperature to 1070 K
at 35 psec, which is not supported by the data shown
in Fig. 8.

There thus appears to be a discrepancy between
the predicted rate for the He(2 S) metastable state
and the rate inferred from the behavior of the elec-
tron temperature. Absorption measurements con-
firm that the density of the metastable state is
nearly constant during this time, but on the other
hand were not made with sufficient care to be highly

reliable in this instance. However, we have not
been able to find a reasonable explanation, and con-
sidering the possible combined errors in the elec-
tron temperature, absorption, and the rates entering
into Table IV, it appears that the discrepancy is not
too serious.

F. Dependence of Recombination Rate on Electron Temperature

As mentioned in Sec. IVD, the rate of recombina-
tion can, according to the collisional radiative mod-

el, be found by summing all radiative and collisional
transitions to the principal-quantum-number-two
level. Since collisional transitions to this level
are negligible, the intensity of the stronger lines
will be approximately proportional to the recombina-
tion rate. In Fig. 12 the logarithms of the intensity
of a number of the stronger atomic and molecular
transitions are plotted as a function of the l.ogarithm
of the electron temperature, during the heating pulse
at 25- p.sec delay. The electron temperatures used
are the "spectroscopic" electron temperatures given
on Fig. 7. It is apparent that all lines and bands
show the same dependence on T„within the experi-
mental error, and we find an average slope, ex-
cluding the highest temperature, of —3.9. Assuming
that other processes are not important under these
conditions, this implies that the collisional radia-
tive-recombination rate is proportional to T,' in
the temperature range 1200—2000'K. It also ap-
pears that the recombination rate does not follow
a simple power law at temperatures as high as
3250 'K.

For comparison, the theory of Mansbach and

Keck predicts n -T, ' in the collisional limit
(where radiative effects are neglected)a, commonly
assumed dependence in agreement with the earlier
results of Hinnov and Hirschberg. However, the
calculations of Bates, Kingston, and McWhirter'
predict n -T,'in the collisional limit, but with in-
clusion of radiative effects give vat. ues of the ex-
ponent ranging from —4. 5 at T, = 1500 'K to —3.7
at T,=3000 K, for n, =10' cm '. This inclusion
of radiation increases the recombination rate, es-
pecially at higher electron temperatures. If we as-
sume that the Mansbach and Keck69 collisional cal-
culations are correct, and take the change in the
exponent due to inclusion of radiative effects from
the calculations of Bates, Kingston, and McWhirter, '
then the experimental relation +-T, ' derived from
Fig. 12 seems quite reasonable.

The data shown in Fig. 12 also tend to confirm
the idea that recombination, insofar as it populates
levels with principal quantum number 3 and l.arger,
is a similar process for atomic and molecular he-
lium ions. It might be expected that the associative
ionization model proposed in the following paper
would affect the similarity of atomic and molecular
transitions shown in Fig. 12, but it probably pro-
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FIG. 12. Plot of the logarithms of the intensities of
several atomic lines and molecular bands as a function
of electron temperature.

duces only a small perturbation which is lost in the
experimental error. We conclude from this sec-
tion that radiative effects on the recombination rate
cannot be neglected for most interesting recom-
bining plasmas, and thus in order for the recom-
bination model of Mansbach and Keck to be gen-
erally useful an adequate treatment of radiation
should be included.

V. SUMMARY AND CONCLUSIONS

The early afterglow of a short 1.3-A discharge
in helium at 11 Torr was studied in some detail.
Spectroscopic measurements of the number den-
sities of excited atomic and molecular helium states
were used to obtain the respective ion densities
and electron temperature. The measured conduc-
tance of the plasma column was in good agreement
with that calculated from the measured ion density.
A small current pulse was used to selectively heat
the electrons in the afterglow, and the resulting
electron temperature as calculated from the electric
field and current was in reasonable agreement with
the spectroscopically measured electron tempera-
ture.

The rate of decay of electron density was about
one-half of that obtained from the emitted photon
rate, and about one-quarter of that found from the
tables of Bates, Kingston, and McWhirter. ' The
recombination rate obtained from the emitted photon
rate was in reasonable agreement with some pre-
vious measurements at lower pressures, and with
the recent theoretical calculations of Mansbach and
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APPENDIX: HELIUM MOLECULAR-STATE
OSCILLATOR STRENGTHS

The number density of an excited molecular level
can be obtained from the intensity of a band origi-
nating from this level if the oscillator strength of
the band is known. Since we were not abl. e to find
any information on the oscillator strengths for he-
lium molecular bands in the literature, we used
the Coulomb approximation as tabulated by Bates
and Damgaard63 to find the oscillator strengths of
2'Z-3'Il band and the 2'Z-~'ll bands, 3 ~x &12.

No mention is made in the Bates and Damgaard
paper on the applicability of the Coulomb approxima-

TABLE V. Molecular helium band oscillator strengths.

Band

2s Z- 3p II
2s Z- 4p
2s3~- 5p 3II

2s 3~- 6p 'II
2s Z- Vp

2s Z- 8p
2s Z- 9p
2s g-10p
2s g-11p
2s g-12p
2s Z- 3p

02

(a.u. )

0.91
0. 27
0. 109
0.056
0.035
0.020
0.013
0.010
0.0072
0.0056
1.23

S
(a.u. )

5.46
l. 62
0.96
0.34
0. 21
0. 12
0.080
0.059
0.043
0.034
2. 46

0.36
0.13
0.088
0.032
0.020
0.012
0.0080
0.0059
0.0043
0.0034
0. 15

Keck. ' A short review indicates that these latter
calculations are in good agreement with a number
of experimental measurements, and are probably
more accurate than the calculations of Bates, Kings-
ton, and McWhirter. '

The rate of conversion of atomic into molecular
ions was dominated by associative ionization of ex-
cited atomic states, as reported in the following
paper. Good agreement was obtained by including
this process with other known processes. Finally,
the dependence of the emitted photon rate on the
electron temperature was found to be proportional
to T, ', somewhat smaller than given by the theory
of collisional radiative recombination.
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tion to molecules; however, since these are Ryd-
berg transitions, where the principal quantum num-
ber changes, the method should give good results.
In fact, since the quantum defect of the molecular
helium levels is so sma11 (considerably less than
in the case of atomic helium), the method might be
even better than for the case of atomic helium.

The calcu1.ation is straightforward, and values
for the factor o. , are given in Table V. The values
for n & 5 are obtained by extrapolating o~ para1. lel
to the value of o~ for the 2s-nP hydrogen series,
as a function of ~ on semilogarithmic paper. This
is intuitively reasonable, and previous experience
with atomic helium, where some variational cal-
culations had been made for large n, showed it to
be correct in that case. The factor 0~ for the
2s Z-3p II band is approximately 3.3 times larger
than for the corresponding atomic multiplet, for
larger n this ratio decreases to about 2. 8. For the
singlet band this ratio is 1.5.

The line strength S for the "multiplet" is obtained
by multiplying o 2 by S(IVl), tabulated by Allen, 7~

for example. The value for a 'S- 'I' transition is
3, but since in our case the P electron is only in
the II orbital, we used the value 2 for the 2s 'Z-
3p'II band and 6 (instead of 9) for the 2s 'Z - nP'II
bands. The resulting values of the line strength S
and the product of the oscillator strength f and the
multiplicity g are given in Table V.

The strength for one vibrational transition is ob-
tained by multiplying the value in Table V by the
vibrational overlap integral; this integral was taken
to be approximately unity for the 0-0 vibrational
transition as the internuclear separations of the two
states are almost identical. The total intensity of
the band is divided among the rotational transitions
where the Honl-London factors give the relative
strength of each rotational transition. Due account
must be taken of the fact that the helium molecule
is homonuclear with nuclear spin zero, thus every

alternate rotational line is missing.
From absolute intensity measurements of each

rotational line in the 2s'Z-3P'II, 2s Z-3P II, and
2s~Z-4psii bands, the total band intensity was found
by analytically summing the best straight-line fit
to a sernilog plot of the number density of the upper
level. Also, with considerably wider slits on the
spectrometer so that the individual rotational lines
were not resolved, the total integrated intensity of
the band was obtained by scanning over the band.
These two measurements were in good agreement
(-20%). The intensities of the higher-principal-
quantum-number members of the 2s Z-nP lI Ryd-
berg series were found on1y by scanning over the
band, as they were considerably weaker and the
rotational structure was harder to measure accu-
rately. The final results of all these measurements
are shown in Fig. 2.

The densities of the higher n levels seem to lie on
a line parallel to the atomic levels, at about one-
third the density. However, the 3s'Z density is
larger, and the 3s'Z lower, than would be expected
if molecular helium behaved the same as atomic
helium. In particular, all atomic levels with the
same v seem to be maintained in thermal equi1. ib-
rium at the electron temperature, while this is ap-
parently not true for molecular helium. Three pos-
sibilities for this behavior have been considered.
The electron co1.lisional rates connecting these lev-
els could be much smaller than for helium, but this
seems unlikely since the electronic structure is so
similar. There could be large three-body collisional
rates,

He" + 2He -He + He

but the experiment of Teter and Robinson" makes
this unlikely. Finally, the calculated oscillator
strengths could be off, so that the result is spurious.
We do not believe this to be so, 'but find it difficult
to assess the possible errors.
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