AE-418
UDC 533.9.082.5:
546.291

00
'sh

LU

<

Measurements of the Spectral Light Emission
from Decaying High Pressure Helium Plasmas.
J. Stevefelt and J. Johansson

This report is intended for publication in a periodical. Referen
ces may not be published prior to such publication without the
consent of the author.

AKTIEBOLAGET ATOMENERGI
STUDSVIK, NYKOPING, SWEDEN 1971

AE-41 8

MEASUREMENTS OF THE SPECTRAL LIGHT EMISSION
FROM DECAYING HIGH PRESSURE HELIUM PLASMAS
J Stevefelt and J Johansson

ABSTRACT
The rate of electron density decay has been determined in a helium
pulsed discharge plasma at pressures ranging from 1 00 to 600 Torr,
primarily during the early afterglow where the electron density is from
1 0^ to 2 . 1 0^ m

Measurements of the electrical conductivity and

the absolute intensity of the light emission were made. The effective re
combination rate coefficient was found to increase faster than linearly
with gas pressure. The total photon emission rate was significantly
lower than the effective recombination rate. Below 400 Torr pressure
the afterglow was dominated by He^ bands, which were related to the
recombination of He^+ and He^* ions. At higher pressures the appearan3
ce of intense lines originating from the atomic n = 3 and 2 P states is
proposed to result from the He^+ recombination. Absorption measure
ments of the atomic metastable concentration gave evidence for recom
bination directly into the 2^S state. The concentration of molecular meta
stables was surprisingly low. The light emission had a T^~"% dependence,
with 0 < x< 0. 35 for the intense atomic lines and 0. 78 < X< 1.10 for the
molecular bands.
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I.

INTRODUCTION

In spite of the large number of experiments performed on the de
cay of helium afterglow plasmas, there are still important gaps in the
understanding of all the underlying phenomena. Only at low gas pres
sures

1 Torr), when the dominant ion is the atomic He*, are the ex

perimental results in reasonable agreement with the theory of collisionalradiative recombination^. When the gas pressure is higher, molecular
helium ions are formed, and the recombination processes become more
2)
complex. It was recognized ' that the spectral band emission, radiated
by He2 molecules in bound excited states, is caused by the collisionalradiative recombination of Heg* ions.
3 4)
The recombination rate coefficient was found ' ' to have one com
ponent proportional to the gas density, in the pressure range 1 0 - 760
Torr, which was interpreted as a three -body recombination of H@2^
stabilized by neutral helium atoms^. However, other studies^ of a he
lium afterglow at the pressure 44. 6 Torr have demonstrated serious un
explained deviations from the collisional-radiative model of three -body
7 8)
recombination. Recently it has been shown * ' that the more complex
4
4
ions He^ and He^ exist in high pressure helium plasmas at room tem
perature, and that these may give rise to the pres sure-dependent com
ponent of the recombination rate coefficient.
The present experiment was initiated in order to extend the investi
gated pressure regime up to atmospheric pressure. In the studies to be
reported here, the gas temperature was kept in the range between 300°K
and 600°K. The main purpose of this paper is to present the results of
light intensity and conductivity measurements made on pulsed afterglow
plasmas in this regime, and to discuss some mechanisms which may be
responsible for the observed phenomena.
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II.

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

In principle the measurements are performed in the following man
ner. A high voltage (up to 2 kV") initiates a pulsed discharge between
two electrodes in high-purity helium gas flowing through a discharge
chamber. After a certain time (typical value 50 y,sec) the discharge cir
cuit is interrupted and the resultant afterglow studied by means of timeresolved spectroscopy and conductivity measurements. The discharge
repetition rate is 50 or 1 00 sec ^ .
The block diagram of the experimental device is given in Figure 1 .
Two different gas-handling systems and discharge chambers, which
could be connected to a common electronic and diagnostic system, were
used. In some of the experiments the plasma was generated between a
stainless steel anode and a thermionic ally emitting tungsten cathode,
mounted 23 mm apart, inside a stainless steel cross tube provided with
two windows (quartz and sapphire) for optical measurements. In this case
the helium gas was heated by the cathode to 500 - 600°K temperature, as
measured with a thermocouple. The discharge chamber, together with
its valves and connexions, was vacuumbaked at maximum 400°C, after
which a pressure of 10 ^ Torr or less could be attained. The helium gas
was led into the discharge chamber through a heated quartz diffusion cell,
and a continuous gas flow of about 4 atm. -litres per hour was maintained.
The only impurity present in the afterglow emission spectrum was hydro
gen, whose spectral line H

was about 1 - 5 % of the intensity of the he

lium line at 5876 A.
In order to increase the helium flow rate and further suppress the
outgassing of impurities, another system was developed. The cleanest
gas was obtained with a purification system consisting of a calcium filter,
a hopealite furnace, and a cold trap at liquid nitrogen temperature. This
purifier was connected to a discharge chamber made of glass, in which
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a special type of cathode was used in order to create a plasma of larger
diameter. The cathode consisted of an auxiliary pulsed glow discharge,
struck between a straight tungsten wire and a surrounding tungsten he
lix of inner diameter 1 . 5 mm. The main discharge was drawn to a stain
less steel anode, situated 20 mm from the "plasma cathode", and had an
effective diameter of about 4-5 mm, which made possible spatially re
solved measurements of the light emission. In this arrangement the gas
heating was negligible, and the gas temperature was close to 3 00°K.
The gas purity was considerably improved relative to the first system,
especially at higher pressures.
After cessation of the active discharge, small subsidiary current
pulses could be passed between the anode and the cathode for two purpo
ses: to determine the plasma conductivity and to elevate the electron tem
perature selectively. The magnitude of the current was determined by
measuring the voltage drop over a known series resistance, while the
electric field was measured between two floating probes inserted into the
plasma column, 6. 6 mm apart. In order to obtain the local current den
sity and conductivity, a relation between the plasma light emission and
its electron density was assumed to exist. The slit of a grating spectro
meter was focussed onto the plasma column and could be traversed across
the column to obtain the light intensity as a function of transverse posi
tion. These data were then inverted to radial intensity, and the emission
in the helium line at 58 76 A was assumed to be proportional to the square
of electron density. This assumption is only approximately correct, as
will be shown later.
The spectrometer (Czerny - Turner 1 m) was provided with a photo
multiplier, and single photoelectrons were counted on a scaler. This
counting system was turned on at a preset delay time after each discharge,
and stayed open during a preset gate time. In this manner time sampled
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light detection was achieved. By using a tungsten ribbon filament lamp
as a standard, the spectrometer-photomultiplier combination was cali
brated for absolute intensity measurements of the plasma afterglow
emission in the spectrum range between 2500 and 1 1 000 A.
Irradiating the plasma with intense light from a pulsed Philips he
lium lamp, the absorption of light by helium atoms in the metastable
state 2^ S could be measured. The magnitude of the light absorption will
become a function of the line shapes of both the impinging and the absor
bed radiation, as well as the density of absorbing atoms at different po
sitions along the light path. The spatial distribution of metastables was
determined from measurements of the absorption at different transverse
positions in a manner similar to that used for the emission measurements.

III.

MEASUREMENTS AND RESULTS
A.

Conductivity measurements

Over the complete pressure interval investigated in this study (1 00 - 600 Torr), the measured transverse profiles of the light emission ap
pear to be independent of the delay time, during the first 60 (j,sec of the
afterglow where accurate spatially resolved measurements could be
made. Hence the geometrical form factor, used to evaluate the local
conductivity on the center line of the plasma column from the measured
over-all conductance, is assumed to be constant in time. This form fac
tor has here the dimension of an effective cross section of the plasma
column, and may be experimentally determined only within a factor of
two. This sets a lower limit of error for this method of measuring the
electron density. Its general reliability was tested at a pressure of 1 0
Torr, where the population densities of highly excited levels (n = 1 0 - 1 5)
9)
of the helium atom could be simultaneously measured ' and found to be

in Saha equilibrium with the free electrons at the electron temperature,
thus providing an independent determination of the electron density.
The obtained values of the conductivity lie in the range between 1 5
and 0. 0001 mhos/m. The conductivity resulting from the interaction of
electrons with other charged particles is, according to Spitzer 's expres
sion^

equal to about 30 mhos/m at an electron temperature Tg = 300°K

and with a value of the Coulomb logarithm InA % 3. Electron-ion colli
sions would then be of importance for the plasma conductivity only dur
ing the very early afterglow, and were neglected in the following since
the electron temperature is not accurately known (if Tg is elevated, the
3 /Z
electron-ion conductivity becomes larger proportional to Tg ‘ , and its
relative contribution to the total conductivity conaequently smaller).
By using a constant cross section Q = 5. 3 • 10 ^

for momentum

transfer in collisions between electrons and helium gas atoms, we obtain
the following expression for the electrical conductivity of the plasma:

7
ct

= 7. 26 • 10

where N

e

and N

a

N
-------- ~TTT mhos/m
NT7
a e

(1 )

are the densities of free electrons and gas atoms, res®

pectively. This expression is used to calculate the electron density Ng
from the experimentally determined conductivity o» assuming Tg is go
verned mainly by the applied electric field (equation (7) below).
A typical experimental result is illustrated in Figure 2 for 388 Torr
gas pressure and a gas temperature near 300°K. The bars indicated on
the plots represent the estimated error of the measurement, where sys
tematic errors in the geometrical form factor for later times than 60
g,sec have not been taken into account. From the electron densities, eva
luated at different delay times, an effective recombination rate coefficient
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could be determined according to the differential equation
dN

e
~dt~~

(2)

“eff Ne

with the solution (ctr ^ being independent of time t):

N

-1

= °eff ^ + N e o

-1

In Figure 3 we have plotted Ng

(3)

versus time for five different gas pres

sures, and the slopes of these plots would then represent the values of
»e££. Even if the found values vary with time in the afterglow, it is seen
that the effective recombination rate increases significantly with gas
pressure. After a transition time of varying length in the very early after
glow, there exists a time interval where a rr is almost constant. At de
lay times later than 50 g sec,

again increases with time; this may

occur rather suddenly as illustrated in Figure 4 for 388 Torr gas pres
sure, or sometimes more gradually.
From the linear parts of the

^ plots, before 50 psec delay time,

the effective recombination rate coefficients obtained at different gas
pressures are shown in Figure 5. Previously published results^’
are also shown for comparison. It appears that the monotonic increase
of the effective recombination coefficient with pressure occurs even faster
than linearly at pressures greater than about 1 00 Torr. The possible re
ason for these observed phenomena will be discussed in section IV A.

B. Absolute intensity measurements of atomic light
It is a very well known fact that helium afterglow spectra at high
pressures are dominated by intense He^ bands. However, even in the
pressure range studied here, there still exist spectral lines emanating
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from radiative transitions between excited states of the helium atom.
At lower pressures the source of this line radiation has been convinc
ingly shown by several experiments to be the collisional-radiative re
combination of atomic He* ions, with a significant amount of light be
ing emitted also in transitions from highly excited atomic energy levels.
The same relative distribution over excited levels with principal quan
tum numbers n > 4 appears to be approximately valid also at pressures
above 100 Torr, although the absolute intensities are weaker so that
3
radiative transitions from states higher than 1 0 D cannot be observed
with our equipment.
All transitions from atomic excited states with principal quantum
number n = 3 become more intense relative to the lines from higher
levels, as compared with an afterglow spectrum at low pressure. The
effect is most pronounced for the line 3^D - 2^P at 5876 A, and in
creases with increasing pressure, as illustrated in Table 1 for the
3
3
spectral series n D - 2 P. All atomic lines were found to decay si
milarly, so that their relative intensities remain essentially unchanged
at different times in the afterglow.
3
3
»
Also the intensity of the infrared line 2 P-2 S at 10 830 A in
creases relative to the lines emitted from the quantum levels n

4 when

the pressure is elevated, which could be expected since this transition
.
3
3
3
3
constitutes a subsequent cascading of the lines 3 S - 2 P and 3 D - 2 p.
However, the important observation is made that the number of radia
tive transitions, per cubic meter and second, departing from the state
3
2 P, is about a factor 2. 5 larger than the number of radiative transitions
arriving at this level, at all pressures above 1 00 Torr. For comparison
measurements at 6 Torr pressure resulted in a corresponding value for
this ratio equal to 1.25 - the deviation from unity is here within the limits
of error for the absolute intensity calibration of the spectrometer record
ing system.
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The rate of photon emission in the 5876 A line constitutes about
50% of the total atomic photon emission rate in the visible wavelength
range, and at all pressures above 1 00 Torr it could be related to the
electron density through the approximation

X5876

A N b
e

(4)

where A and b are functions of pressure only. This is illustrated in Fi
gure 6, where the logarithm of

plotted versus the logarithm of

gives straight lines. The slope b of these lines is between 1.4 and
2. 2, and for a constant electron density the intensities of the atomic he
lium lines increases rapidly with the gas pressure up to a maximum at
about 460 Torr, and then decreases with further elevation of pressure.

C. Absolute intensity measurements of molecular light* 3
The absolute intensities of the molecular He^ bands were determined
by slowly scanning the spectrometer with resolution of the order 1

A

over

the band. In this manner the light distribution over the different rotatio
nal lines was obtained on a pen recorder, and at the same time the total
band intensity was obtained by integrating the number of photon counts on
a scaler. The rotational distribution was found to correspond to a tempe
rature Trot ~ 800°K at all gas pressures, and the intensity sum of all
3
individual rotational lines of the 3p H

g

3 +
- 2s j
band was d factor 17.0
u

times larger than the Q(7) component at 4653

A,

as obtained from the

pen record. The integrated number of photon counts over the wavelength
interval 4625 - 4750

A

resulted in a band intensity that was 23. 3 times

larger than the Q(7) intensity (after subtraction of the atomic line at 471 3

A,

but including also the weak (1 , 1 )-transition).

3
3 +
3
3 +
The decays of four molecular bands (3p H - 2s 2 , 4p II -2s y ,
v
g
U
g
u
3d3E
3n , 3A - 2p3n , and 4d3£
3H , 3 A - 2p3H ) could be follow u
u
u
g
u
u
u
g
ed out to 50 p,sec in the afterglow, and were found to be nearly alike. The
relative intensities of the different bands were found to be similar to those
of the corresponding transitions in the atomic helium spectrum at low
3
pressures, and the intensity of the 3p II

- 2s

3

+

band constituted 9. 5%

of the sum of eleven molecular band intensities, measured in the early
afterglow. This summed intensity was estimated to constitute 88% of the
total He2 band radiation in the visible wavelength range, and hence this
total molecular photon emission rate Imo^ is a factor 280 times larger
than the rate of photon emission in the Q(7) line at 4653 A. Care was taken
to determine this factor accurately, and it can be noted that our value is
about 6. 2 times smaller than the value found by Kerr et al. ^

^ for the

Q(5) line at T^ = 51 5°K.
The molecular He2 bands decay at a slower rate than the atomic lines
do. Their intensities may be related to the electron density through an ex
pression of the same form as equation (4), which is demonstrated in Fi
gure 7 for the rotational line Q(7) of the 4650 A band. Here the slower
decay rate of the molecular bands shows up in a smaller value for the
exponent b, being between 0. 7 and 1 . 0. Like the atomic lines, the He2
bands also become more intense with increasing pressure up to a maxi
mum around 400 - 450 Torr, after which their intensities diminish. The
pressure variations are smaller, though, than for the atomic lines, and
in particular the intensity rise is much larger for the lines, when the gas
pressure is increased from 200 to 400 Torr, so that there occurs a very
evident shift towards a spectrum dominated by atomic helium lines in the
early afterglow at pressures above 400 Torr. In Figure 8 the relationship
between atomic and molecular light emission is shown: its exponential
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character is a direct consequence of the fact that both kinds of emission
obey the equation (4).
If the light emission were proportional to the recombination rate,

I = K or N e

2

(5)

where the time dependence of Ng is given by equation (3), then the time
variation of the light emission could be expressed as

(6)

eo
Despite that the molecular bands do not obey the equation (5), their time
dependence is very well described by analytical expressions of the form
given in equation (6), as illustrated in Figure 9. The contradiction be
tween the equations (6) and (4) with b / 2 will be further discussed in
section IV C.
The slope of the straight lines in Figure 9 increases with gas pres
sure, reflecting a faster decay rate of the molecular bands at higher
pressures. In Figure 1 0 the pressure variation of the time derivative
of I4653 ^ ^ (Q(7) line of the 4650 A band) is shown graphically. Also
shown in this Figure is the result reported by Collins^ for a helium
afterglow at 44.6 Torr pressure, where the dotted bar indicates varia
tion with electron density. The solid bars, attached to the results from
this study, represent estimated errors only. The similarity between
this Figure and Figure 5 for a ££ is obvious, and will be discussed fur
ther in section IV C.

D.

Absorption Measurements

The measured absorption of light at 3889 A (2^S - 3^P transition
of the helium atom), traversing the plasma column along a diameter,
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amounts to between 3 and 25% during the first 50 gsec of the afterglow.
The corresponding absorption at 1 0 830 A (2^S - 2^P transition) is
between 25 and 80%.
The absorption at 3889 A wavelength was used to evaluate the num3
her density of atoms in the metastable state 2 S, and the result is shown
in Figure 11 for different gas pressures and times in the afterglow. The
metastable density appears to decay almost exponentially with the same
characteristic time 23. 5 (isec at all pressures, and the relative densities
at the three pressures 200, 388, and 5 78 Torr are approximately in the
ratio 6:13:4, respectively.
For light of the wavelength 4653 A, corresponding to the Q(7) line
3 4'
3
of the 2s 2
- 3p II band, the absorption of the plasma in the transu
g
verse direction was smaller than 1 %, and could not be detected with our
equipment. This implies that the number density of He^ molecules in the
metastable state 2s^3>]

must be smaller than 1 0^ m ^ at all gas pres

sures and times in the afterglow.

E.

Influence of elevated electron temperature

When a small electric dc field E is applied to a plasma, having such
a degree of ionization that the electronic energy distribution will be near
ly Maxwellian but Coulomb collisions can be neglected, the electron tem
perature is governed by an energy balance between the Joule heat and
elastic losses in electron-atom collisions. Using again an energy-independent cross section Q = 5. 3 • 1 0

-20

m

2

for the electron-atom momen

tum transfer in helium, the ratio 0 = T^/T^ between the electron and gas
temperatures will be given by the expression

6(6 - 1) = 0.31 (|)2

(7)
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where p is the (real) gas pressure in Torr, and E is expressed in volts/
meter. The recombination energy, imparted to the electrons in the after
glow, has been neglected in the energy balance equation (7).
The method of selective heating of the free electrons has been em
ployed by several experimenters to study the electron temperature de
pendence of recombination processes. The collisional-radiative recom
bination is characterized by a strong dependence, theoretically like
Tg

-4. 5
" , on electron temperature, so that a moderate ratio of electric

field to pressure (E/p) will cause an effective diminution of the recom
bination rate in helium at low pressures. This is the well-known pheno
menon of "afterglow quenching".
The influence of an electron temperature elevation, induced by short
current pulses of different amplitudes, on the light emission in some
spectral lines and one He^ band, in the afterglow, at a (reduced) gas pres
sure pQ = 88 Torr, is shown graphically in Figure I 2. The heating pulse
is applied between 5 and 25 p,sec after the end of the active discharge,
and the photomultiplier gate is opened during a part of the pulse, or be
tween 1 0 and 20 gsec after the discharge cessation. Only the impurity
hydrogen Hg line at 4861 A is strongly quenched by the heating pulse,
while the helium molecular band at 4650 A diminishes with increasing
electron temperature like T

1.10

-

. The helium atomic line at 5876 A is

rather weakly quenched, approximately like Tg
ing in intensity at about T

-0. 35
.
*
, and starts increas

= 6000°K, probably due to the onset of excita

tion processes. The infrared helium line at 1 0 830 A, finally, is not
quenched at all, but increases monotonic ally with electron temperature.
For small electric fields the obtained results deviate from the straight
lines, drawn in the figure, which may be due to the omission of the heat
ing by recombination processes in equation (7).
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At a higher gas pressure of 380 Torr, the diminution of the 4650
A band intensity with rising electron temperature is still somewhat
slower, like Tg

while the 5876 A line remains essentially un

affected up to Tg = 6000°K, where it starts increasing.
The results of time-re solved intensity measurements of the two
atomic helium lines at 5876 A and 1 0 830 A, and the molecular He^ band
at 4650 A, are illustrated in Figure 13, a - c. These measurements were
made at a gas pressure pQ = 1 65 Torr and a gas temperature 51 0°K. A
10 psec duration electron heating pulse was applied, which would elevate
the electron temperature to 2300°K. Its influence on the light emission
is shown, and for comparison also the decay curves when no pulse is
applied. The 5876 A line exhibits a very small change during the pulse,
but its intensity rises by a factor 1 . 8 when the heating pulse is interrup
ted. The infrared 1 0 830 A line increases immediately in intensity when
the electron heating pulse begins, and then decays back to its nominal
value. After pulse cessation a slight intensity rise occurs. Finally, the
4650 A band becomes quenched by the pulse to about 40% of its normal
value, and after the pulse the band intensity rises to about twice its nor
mal value.

IV.

DISCUSSION AND CONCLUSIONS
A.

Electron density decay

We shall start the discussion of the experimental results with an
order-of-magnitude estimate of the ambipolar diffusion rate. From the
measured transverse light emission profiles we derive a radial electron
density profile, which is similar to a first-order diffusion profile with
a characteristic diffusion length A typically about 0. 2 cm. If we assume
2
a value D p = 700 cm • Torr/sec, where D is the ambipolar diffusion
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coefficient, we obtain at the gas pressure pQ = 1 00 Torr a characteristic
ambipolar diffusion loss frequency

= D^/A

= 1 75 sec

. It is imme

diately seen that this value is much smaller than the effective loss fre
quency for the electrons, which is of the order 10^ sec * or more.
A recombination controlled afterglow with an initial radial diffusion
profile gradually develops into a recombination profile with time, that
is into a homogeneous plasma. The effective diameter of the plasma co
lumn then increases with time, as a consequence of the recombination
law, equation (2). The observed time independence of the radial electron
density profile, though, implies a rate equation of the form

dN

e

where

N

(8)

is a constant. This equation is identical with the equation (2) if

v

a

eff

e
N
e

(9)

Such a dependence of the effective recombination rate coefficient

on

electron density Ng might in fact result from an electron temperature
elevation for higher densities

so that the electron temperature is

higher on the center line of the plasma column than it is at some distance
out. However, equation (9) is contradictory to the observed time indepen
dence of ae££ during part of the early afterglow, as presented in Figure 3.
The time history of the inverse electron density Ng \ displayed in
Figure 3 for different pressures, may be divided into three characteris
tic parts. The first part is characterized by a small (but gradually in
creasing) recombination rate coefficient, which may be due to the
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electron temperature elevation mentioned above, or to ionizing meta
stable-metastable collisions, or to both these together since the paired
metastable collisions produce energetic electrons (processes (13) and
(1 4) below).
During the second part of the afterglow the effective recombination
rate coefficient aQ££ is constant, and its value is a monotonic ally increa
sing function of gas pressure, as shown in Figure 5, Our results from
this part of the afterglow fit quite well previously reported values^’
and further, the linear dependence of a&££ on pressure for not too high
degrees of ionization in the pressure range 10-100 Torr seems to de
velop into a more quadratic dependence at higher gas pressures. Such
a deviation from the linear pressure dependence has recently been pre7)
dieted ' for high-pressure helium plasmas, due to the recombination of
electrons with the He^+ ion.
The last part of the afterglow starts at delay times around 40 - 50
psec. The graph of Ng

_]

versus time, as measured at the gas pressure

388 Torr and illustrated in Figure 4, shows a sudden change for the value
of aeff from 5.5- 10 * ^ m^/sec at earlier delay times to (1 . 0 4 0.1) •
• 1 0

m /sec at delay times later than 50 psec. We propose that this

is due to a change in the relative concentrations of different kinds of
ions, but the reasons for this change are presently unknown. One hypo
thesis is that this last part of the afterglow is dominated by the electronion recombination of the ion He^"*".
From the data presented by Gusinow et al.

7)
' we take the following

values for the equilibrium constants between the relative concentrations
of the three molecular helium ions He^*, He^+, and He^+ at 300°K gas
temperature:
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[He/]*[He]*
1 0

26

m

-3

(10)

[h=3+T
[He+]*[Hef
---------- ------------------------------------- =1

24
•

,

10m

(11)

[He/]*

where the brackets indicate densities and the asterisks indicate equili
brium conditions. By means of these relations the relative ion concen
trations can be calculated for different gas pressures, and the result
is illustrated in Figure 14. It is seen that the relative concentration of
the He^* ion increases with pressure to a maximum value of 2% at 760
Torr pressure. At the same pressure the relative amount of

has

increased to the same value as He^*, or 49 % of each. At still higher
pressures the relative concentration [He^"*" ] tends to unity, while [He,,*]
and [He^*] decrease to zero. It may be noted from equation (11) that al
ready for pressures p^ > 31 Torr, [He^+] becomes larger than [He^+]
under equilibrium conditions.

B.

Light emission. Atomic spectrum

,

Next we shall proceed by considering the light emission from the re
combining high-pressure helium plasmas. It will be shown that this gives
additional evidence that the minority ions He^* and He^ play an active
role in such afterglows.
Since the atomic helium energy level 1 O^D lies at least 2 eV above
the ground state of all the molecular helium ions, the observed existence
of excited atoms in this level probably results from the recombination of
atomic He* ions. These ions are at higher pressures known to convert
rapidly into molecular Heg* ions via the three -body process
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He

+ 2 He -* He^

+ He

(12)

which is the reason for the predominance of intense He^ bands in helium
afterglows at pressures above 10 Torr, presumably originating in part
from the recombination of He^* ions. The reaction rate coefficient for
the process (12) can be expressed as gp^ , and reported values for |3 lie
in the range from* ^ 78 Torr ^sec * to* 3^ 1 09 Torr ^sec * . These value
lead to a characteristic conversion time of 0. 3 y,sec at a gas pressure p^
= 200 Torr, which is at least a factor 20 faster than the observed decay
time for the atomic line radiation. The discrepancy might imply that the
reported values for p are too large, but we are more inclined to assume
that there exists a source of atomic ions in the afterglow, due to mutual
collisions between metastable atoms and molecules

2 He (23S)

He+ + He + e

14

*

15)

(13)

2 He. (23E +) - He+ + 3 He + e
L
u '1

(14)

The reaction rate coefficients for these two processes have been found
to be about equal (~ 1.8* 10

1 5)
'

m /sec), and since the concentration of

molecular metastables in the present experiment is at least one order of
magnitude smaller than the concentration of atomic metastables, the pro
cess (14) could be neglected in this context.
.
3
.
The population density of the excited energy level 10 D is of the or
der 1 0

m

(summed over the 15 degenerate sublevels) in the early

afterglow, where the electron density is about 10

19-3
.
m . No certain con

clusion about the concentration [He*"] of atomic ions can be drawn from
this, though, since no equilibrium between this excited level and the free
states could be proved to exist.
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Two different mechanisms might be responsible for the observed
,
3
increase in population density of the atomic n = 3 states and the 2 P
state relative to the other states, as the gas pressure is risen. These
are:

a.

.
3
excitation from the metastable atomic state 2 S by collisions with
hot electrons produced in metastable-metastable collisions, or

b.

dissociative recombination of a molecular helium ion, where the
fragments after the recombination could be helium atoms in the
ground state and in excited n = 2 or n = 3 states.
Since the concentration of atomic metastables does not rise with

pressure, the mechanism a. must imply that instead the rate coefficient
for metastable-metastable collisions increases with pressure. This could
be the case if the reaction proceeds according to

2 He (23S) + He (1 1 S) - He + + He + e

(15)

as was demonstrated' ^ for a helium afterglow at liquid nitrogen tempe
rature. The rate of production of hot electrons, having a mean energy
of about 1 0 eV, might be assumed to be of the same order of magnitude
as the effective recombination rate, or about 1 0^3 m 3sec ' in the very
early afterglow, if the reaction rate coefficient for the (hypothetical)
process (1 5) is taken as large as 5 • 10 3^ m^/sec. A thermalization time
for the electrons can be calculated from the expression given by Spitzer' ^)
to be about 2 • 1 0~' ^ sec, and since the electron-atom collision frequency
is about equal to 5 - 1 o' ' sec"' , each produced hot electron will collide
with an order of 1 00 gas atoms during its thermalization time, but only
a fraction 1:10

6

3
of these atoms will be in the excited state 2 S. Hence,

the maximum rate of excitation from this state would be of the order
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1 0

21

m

—3

sec

-I

, which is still two orders of magnitude smaller than the

rate of photon emission in the radiative transitions from the n = 3 and
the 2^P states during the very early afterglow (this means the first 1 0
psec after discharge cessation).
Thus there remains the mechanism b. and the excess number of ex
cited helium atoms in the lower quantum states should be the result of
a dissociative recombination process. The cross section for dissociative
recombination of the He^^ ion is now generally accepted to be negligible,
but as no bound states of the neutral He^ and He^ molecules have been
proved to exist, dissociative recombination seems to be the only possible
break-up mechanism for the He^

C.

+

and He^

+

ions.

Light emission. "Total" light

It is interesting to compare the total rate of photon emission with
the effective recombination rate. In a pure collisional-radiative model
one and only one photon is emitted per recombination event. This con
dition is established because radiative de-excitation dominates largely
over collisional de-excitation for the lower excited levels of the neutral
atom or molecule. Recycling via the process (13) or (14) could result in
more than one emitted photon per recombination.
For the calculation of the total atomic light I

we add the number of

radiative atomic transitions in the visible wavelength range, but replace
3
3
3
3
the sum of the two spectral series n S - 2 P and n D - 2 P with the num-3
3
3
»
her of transitions in the line 2 P-2 SatlO 830 A. The total molecular
light I

^ is taken to be a factor 280 times the emission in the Q(7) com

ponent of the 4650 A band. These evaluations are made for a typical
electron density chosen as N =10
1
e

18

—3
m . The effective recombination

rates are taken from the slopes of the curves in Figure 3, and the re
sults for different gas pressures are compiled in the Table 2. It is con-

- 22

eluded that the emission rate of atomic light I

rises from less than 1 %

at 200 Torr pressure to about 14% of the effective recombination rate
2
cye££ Ng at 464 Torr pressure. Further pressure elevation to 578 Torr
2
Ng . The

results in a weaker atomic light emission, or about 2% of
emission rate of molecular light I

- is found to be about 17% of the ef

fective recombination rate in the pressure range 200 - 388 Torr (from
the data published by Collinsfor a 44. 6 Torr afterglow we have de
rived a value of 20% for this ratio). For higher gas pressures the ratio
2
of I
i to a rr N
diminishes to a value of 1 . 8% at 578 Torr. A maximol
eff e
mum of 0. 3 emitted light photons (atomic and molecular) per recombi
nation event is obtained at around 388 Torr pressure, but the majority
of the recombinations are non-radiative, probably dissociative with me
tastable atoms and/or molecules as fragments. However, it maybe not
ed that if we were to use the factor given by Kerr et al. ^ ^ ^ (which we
do not find reasonable) instead of the factor 280 for calculating I
the measured

we should get the ratio of I

to ag££ Ng

2

^ from

nearly

unity for gas pressures up to 388 Torr.
It would seem that the simultaneous validity of equation (3) for Ng
and the equations (4) with b / 2 and (6) for Imo£ i-s inconsistent. However,
the relation (4) is only approximate, as it is derived from a doubly loga
rithmic plot. If the values of the slopes in Figure 9 are identified as ote^/
/(Ka)

1 /z

according to equation (6), ck'g^ i-s taken from Figure 5, and K

is put equal to 1 /280, values are obtained for the Mrecombination coeffi
cient” qz which are smaller than & ^
about the same ratios as were
2
obtained for I
, to a ,, N . The ratio a/a rr is given in the last co
rn ol
eff e
eff
lumn of the Table 2. Clearly, this ratio is constant as long as o/e^ does
not vary with time in the afterglow (and presupposing that the slope of
I

mol

—i
/z
~ '

versus time does not vary). On the other hand, the ratio of
'
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I

. to a ,r N 2 varies in time like N ^ 2, wjien
mol
eff e
e

is constant, so
eff

that the agreement between the two ratios is only approximate, and
perhaps accidental.
It is concluded that the helium molecular band radiation seems not
to be simply related to the electronic recombination of the He^"*" ion.
g\
Gerardo and Gusinow ' obtained a spectrum dominated by intense He^
bands from an afterglow at 80°K and pressures up to 30 Torr, where
the dominant ion was found to be He^"*" by mass spectrometry. At delay
times later than a few hundred microseconds in the afterglow they re
port all atomic radiation from principal quantum levels greater than n
= 4 to be essentially absent. On the basis of the increased intensity in
3
the radiative transitions from the n = 3 and 2 P states relative to the
other transitions, found in this study as the gas pressure is elevated,
together with the predicted increase in the relative He^,"*" ion concentra
tion (Figure 14), we propose that this line emission is due to the disso
ciative recombination of the He^+ ion. At the highest pressure 578 Torr,
though, all light emission, both atomic and molecular, becomes weaker,
a phenomenon which is presently not understood.

D.

Metastables

A rate equation for the concentration Mj of atomic metastables can
be written, taking into account all known creation and destruction pro
cesses:

dM]
dt

f.cy N 2 - gM. N - 2yM. 2
1
e
1 e
1

6Na2Mi

(16)

The coefficient fj is the fraction of recombining ions which terminate as
atomic metastables, the term gMj Ng represents electronic de-excitation,
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He(23S) + e _ He(l 1 S) + e + 1 9. 8 eV

(1 7)

with a reaction rate coefficient^ ^ g of the order 1 0 * 3 m3/sec, 2yM^ ^
is the rate of destruction via the process (1 3) with^

Y = 1 . 8 • 10 ^ 3

m /sec, and the last term represents three-body conversion into molecular metastables

1 8)
'

He(23S) + 2 He(l 1 S) - He2(23Eu+) + He(l 1 S)

(1 8)

with 6 = 2.5* 1 0 ^ m^/sec.
If the creation term f^Ng
I

2

is put equal to the atomic light emission

, as defined above, then this term becomes negligible in comparison

with the destruction terms. The decay curve for Mj at 200 Torr gas
pressure seems to represent approximately the destruction due to the
processes in the rate equation (16) with no source term. At the two higher
pressures, though, this destruction should proceed faster due to the threebody conversion, and a source term of the order fj c*N ^ = 1 0^3 m 3sec ^
at 25 Usee delay time has to be added in order to account for the slow
decay rate at 578 Torr pressure. This is of the same order of magnitude
2
as a ,,N , and implies a non-radiative recombination process terminaeff e
r
r
ting directly in the atomic metastable state.
From our data we find that a reduction of the effective recombination
rate coefficient a?e££ due to metastable-metastable collisions might occur
only at the pressure 388 Torr, where the ratio Mj /Ng is large.
A rate equation could also be written for the concentration

of mo

lecular metastables:

dM2
dt

-

- 2yM2

+ 6Na M]

(19)

The values of the rate coefficients |3 and y are here similar to those for
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the atomic metastables

. If the production rate

to the total molecular radiation I

is put equal

this term will again be negligible

as compared with the source from three-body conversion. Assuming
dMg/dt ~ 0 leads to

~ 1 0

19-3
m
in the early afterglow at the gas

pressure 388 Torr, which is more than one order of magnitude larger
than what could be observed. The reasons for this discrepancy are not
clear.

E.

Electron temperature dependence

The observed electron temperature dependence of the 4650 A band
intensity, illustrated in Figure 12, is in rather good agreement with the
reported^) electron temperature dependence Tg \ 0. 98<x <1.60, of
the recombination coefficient for the He^^ ion. The small difference
between our obtained values for x at the two gas pressures 88 and 380
Torr may be due to a component of molecular band radiation originating
from He^ recombination at the lower pressure, having a larger electron
temperature dependence X.
Similarly, the weak quenching of the atomic 5876 A line at 88 Torr
gas pressure may belong to the component originating from the recom
bination of atomic He"*" ions, while the line emission originating from
He^* recombination has almost no electron temperature dependence.
The rate coefficient for electronic excitation of the level 2^P from
the metastable level 2^S is, as calculated with the GryzinskV ^ formula,
equal to 7.8 « 10 ^ m^/sec for Tg = 0. 1 eV, and equal to 6.8 - 10 * ^
m /sec for Tg = 0.3 eV. Hence, even a slight electron temperature ele
vation will result in excitation of the 2^P level in the early afterglow,
where Ng ~

~ 1 0

19

m

-3

, and give rise to the observed intensity in

crease in the 1 0 830 A line. The reason for the intensity decay during
the heating pulse is somewhat obscure, but may be some kind of normal
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recombination quenching.

V.

SUMMARY

Afterglow plasmas produced by a pulsed discharge in helium at pres
sures 1 00 - 600 Torr were found to decay according to a rather complex
scheme involving recombination between electrons and several kinds of
helium ions. The effective recombination rate coefficient during the first
50 gsec of the afterglow, where the electron density is in the range 2 •
• 1 0^ <

<1019 m ^, was found to increase with gas pressure faster

than linearly. For delay times later than 50 |isec the effective recombi
nation rate coefficient increased also with time in the afterglow.
Spectral line emission from excited helium atoms up to principal
quantum level n = 1 0 was observed, and ascribed to the collisional-radiative recombination of atomic helium ions, produced in metastable-meta
stable collisions. The lines originating from atomic n = 3 levels, as well
as the

10

83 0

A

line from the 2^P level, were all anomalously intense as

compared with a low pressure afterglow, which was supposed to be due
to a dissociative recombination process.
The total rate of emitted photons was significantly lower than the ef
fective recombination rate, in particular for gas pressures above 400
Torr. At pressures lower than 400 Torr the afterglow spectrum was do
minated by intense He^ bands, which were related to the recombination
of He^"*" and He^+ ions. For pressures above 400 Torr a gradual change
in the relative ion concentrations from He^+ being the dominant ion to
He4+ is predicted from mass spectrometric results reported for lower
pressures. Where this change should occur, the spectral lines from
the lower excited atomic levels became more intense than the molecu
lar band radiation during the early afterglow, and we propose that this
line radiation originates from the recombination of He^+ ions.
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Evidence for dissociative recombination terminating directly in the
3
atomic metastable 2 S state was found, while the concentration of mole
cular metastables was surprisingly low.
The influence of an electron temperature elevation on the afterglow
light emission in the visible wavelength region could be described as a
Tg * dependence, where for the atomic lines originating from the quan
tum levels n = 3 X is rather small, 0. 0 < x < 0. 35, while for the mole
cular bands 0. 78 < X < 1 . 1 0. The intensity of the infrared 1 0 830 A line
increased with electron temperature due to electronic excitation of the
3
3
2 P state from the metastable 2 S state.
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CAPTIONS
Table 1 .

Relative intensities of lines belonging to the spectral series
3
3
.
n D - 2 P for different gas pressures. In order to facilitate
.
3
3
a comparison, the intensity of the 6 D - 2 P line has been
normalized to unity.

Table 2.

A comparison of the photon emission rates in atomic lines
(lat) and molecular bands (lmoj) with the effective recombina.
2
tion rate uef£ Ng for different gas pressures. Electron den
sity is equal to 1 0^ m \ Also shown is the ratio a/<*eff»
where a is defined by equation (6) in the text and the slopes
of the straight lines in Figure 9. K = 1 /280.

Figure 1 .

Simplified block diagram of the experimental apparatus.

Figure 2.

A graph of the experimentally determined conductivity as a
function of time in the afterglow. The gas pressure is 388
Torr, and the gas temperature near 300°K. The bars repre
sent the estimated error of the measurement. The conductivity
values are derived assuming a constant geometrical form fac
tor which is measured only during the first 60 p,sec of the
afterglow.
_]

Figure 3.

The time variation of Ng

for five different gas pressures.

Figure 4.

The sudden change in effective recombination rate coefficient,
which occurs at 50 jj,sec delay time in the afterglow at a gas
pressure of 383 Torr.

Figure 5.

Effective recombination rate coefficients for different gas
pressures. The straight line with slope equal to one represents
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the results reported by Berlande et al. (Ref. (4)) for the low
electron density limit. The dotted bar illustrates results given
by Collins (Ref. (6)) for varying electron density, and the tri
angles represent results previously reported from this expe
riment (Ref. (3)). The solid bars illustrates the present mea
surements.
Figure 6.

Variation of the 5876 A line intensity with the electron density
at different gas pressures.

Figure 7.

Variation of the 4650 A band intensity with the electron den
sity at different gas pressures.

Figure 8.

Relationship between the 5876 A line and the 4650 A band in
tensities at different gas pressures.

Figure 9.

A graph of the function (^^53)

—i /z

of time for different gas

pressures.

Figure 1 0.

The pressure variation of the time derivative of the function
(I4653)

—i /z

. Solid bars represent the present experiment,

dotted bar the result given in Ref. (6).
Figure 11 .

3
The decay of metastable 2 S concentration with time for diffe
rent gas pressures.

Figure 1 2.

Variation with electron temperature of the light emission in
some spectral features. Full circles represent the 1 0 830 A
line, open circles the 5876 A line, squares represent the
4653 A Q(7) rotational line, and triangles denote the impurity
Kg line. All spectral line intensities are normalized to unity
for zero field. The deviations from the straight lines in the
figure may be due to an assumed electron temperature which
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is too small for weak electric fields. The gas pressure is
88 Torr, and the gas temperature 520°K.

Figure 1 3.

Time variation of the light emission in the 5876 A and 1 0 830
A atomic lines, and in the 4653 A rotational line of the 4650
A He^ band, when a 1 0 p,sec heating pulse is applied (solid
lines). The dashed lines indicate light emission in the absence
of external heating. The gas pressure is 1 65 Torr, and the
gas temperature 51 0°K. During the heating pulse, the calcu
lated electron temperature is 2300°K.

Figure 14.

Calculated relative concentrations of the molecular helium
ions He^”*", He^+, and He^ in equilibrium at 300°K gas tem
perature, for different gas pressures. Equilibrium constants
are taken from Gusinow et al. (Ref. (7)).
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T able 1

Spectral line

3D - 2 P

61.4

4 D - 2 P

1 2. 0

5 D - 2 P
6 D -

Table 2

Pressure

Xat_

(Torr)

(m \ec^)

*mol
1
(m~^sec )

200

1 . 8 . io20

3.6 ' 1021

3.6 - 1022

388

6. 9 . io21

9.8 - 1021

5.5 ' 1O22

464

1 . 5 • io22

7. 3 * 1 021

1.1 * 1o23

0. 02

578

1.9

• io21

1.6- 1 021

9.0- 1022

-

“/“eff

0. 26
0.19

Timing
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supply
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