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We report detailed spectroscopic measurements of light emission and excited level populations in a pure-
helium afterglow at a pressure of 2.03 Torr. The free-electron temperature could be varied by microwave
heating. Electron density n, and temperature T, were measured by precision microwave interferometry and
they range from 5 X 10° to 3 X 10" cm™? for n, and from 300 to 600°K for T,. Rydberg states of neutral
helium near the bottleneck for collisional-radiative (CR) recombination were perturbed in a well-controlled
manner by photoionization with 10.6-um photons. Our experimental data are consistent with a CR
recombination scheme with simultaneous stabilization by collisions with free electrons and with neutral helium
atoms. They establish the fact that the Gryzifiski formalism for electron-impact-induced transitions between
bound rydberg states of high principal quantum number seriously overestimates the probability of collisions
with small energy transfers. This study gives also experimental indications of what appears to be neutral-
stabilized CR recombination of an atomic ion, He®. The experimental recombination rate coefficient is well
represented over the range of parameters covered at 2.03 Torr by a(cm® sec™!) =3.5%x 1075 T, +

60X 107°T, 2827 4 38%x107°T, **n,, in reasonable agreement with available theories.

I. INTRODUCTION

In a recent paper! (hereafter referred to as I),
we theoretically investigated the electron-ion
three-body collisional-radiative (CR) recombina-
tion in cold plasmas, where the third body is an
electron. We used the Mansbach and Keck?® transi-
tion rates between hydrogenic levels of high prin-
cipal quantum numbers. These classical rates in-
volve a minimum of hypotheses and were derived
under approximations which may be expected to be
well verified in a cold helium plasma; they should
be correct in the classical limit, even for small
energy transfers.

The results of these calculations were indeed
found to be in good agreement with experimental
data for e-He* recombination. However, as seen
in Fig. 2 of I, the available experimental deter-
minations of the CR recombination rate exhibit a
marked scatter, and it is difficult to draw from
them significant conclusions concerning the ap-
plicability of our theory or of the theories of
Bates et al.® and of Johnson and Hinnov.*

It thus appeared desirable to obtain detailed
measurements in a well controlled helium after-
glow, where the electron temperature and density
could be independently varied and precisely mea-
sured.® Of additional interestwas the fact that when
the degree of ionization is very low, three-body
collisions with a neutral atom should play a role
in stabilizing the electron-ion recombination, des-
pite the small electron/neutral mass ratio. In
fact, theoretical estimates® show that this process
may become important for ionization degrees be-
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tween 107® and 1077 in helium at temperatures be-
tween 300 and 600°K. One should thus expect to
encounter different energy-transfer and recombin-
ation mechanisms over a range which can be easily
covered in a stationary helium afterglow plasma

at filling pressures of a few Torrs. We have ac-
cordingly measured by spectroscopic methods the
e-He" recombination rate coefficient in these tem-
perature and density ranges.

However, as seen in I, the over-all recombina-
tion rates turn out to be relatively insensitive to
the actual transition rates between levels. An un-
ambiguous choice of a set of transition rate coef-
ficients is not possible, even with precise empiri-
cal observations of the recombination rate coef-
ficient alone. It was thus felt necessary to comple-
ment these observations by the study of a physical
phenomenon which would be more sensitive to the
transition rates between energy levels in the vicin-
ity of the ‘“bottleneck” in the CR recombination
sequence (the bottleneck concept is discussed in
some detail in I). This is the case with the quench-
ing of plasma light emission induced by the irra-
diation of a recombining plasma with photons near
10.6 pum produced by a CO, laser of moderate
power density, as was first demonstrated by
Kaplafka, Merkelo, and Goldstein.” Irradiation
leads to photoionization of the energetically ac-
cessible levels of principal quantum number p = 11
and to depletion of the excited state populations
near the bottleneck, and thus constitutes a pre-
cise, selective perturbation technique.

We shall first briefly complement the theory of
I by examining some theoretical aspects of the
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perturbation of a recombining plasma by far-in-
frared radiation, and by showing that it allows a
reasonably sensitive determination of the actual
value of the rates to be used for the collision-in-
duced transitions between energy levels. We shall
then describe our experimental investigations in a
helium afterglow plasma under closely controlled
conditions, with and without infrared laser irradi-
ation.

II. THEORY OF THE PERTURBATION OF A RECOMBINING
PLASMA BY INFRARED IRRADIATION

The effect of irradiating a recombining helium
plasma with infrared light from a CO, laser (10.6
Lm wavelength) at a power density of the order
1 kW/cm? is limited to photoionization of high
rydberg states. Other effects, such as photoexci-
tation, electron or neutral gas heating by infrared
absorption or stimulated radiative capture are
negligibly smalil.

The cross section for photoionization of the
hydrogenic quantum level p by photons of energy
hv is

64&!‘5«”“3

G(P,hV)=W(%>3g(P,hV) ) 1)

where o is the fine-structure constant, q, the
Bohr radius, and ® the rydberg energy. Near
threshold and for high enough values of p, the
Gaunt factor g(p,hv) is very nearly unity in hydro-
gen, and Eq. (1) reduces to the classical Kramers
cross section.?

In the model used in I, we lump together all
singlet and triplet levels of helium of given p and
of various orbital quantum numbers ! into a single
equivalent degenerate hydrogenic level of ioniza-
tion energy ®/p2. This approximation is justified
in our context for the levels of importance for CR
recombination (p 2 7), as the quantum defect is
negligible for terms with large ! which have dom-
inant statistical weight, and as helium has only one
ionization limit; the global Gaunt factor for photo-
ionization of such an equivalent level should also
be very close to unity.

The photoionization cross section scales as p~°
and hence it is the lowest energetically accessible
level, i.e., p =11, which will be the most depleted
directly by 10.6-um irradiation; this quenching
will be transferred essentially by electronic or
neutral collisions to the other excited levels. For
a correct treatment of these complex collisional-
radiative processes, in the limit of purely elec-
tronic transfer, we should substract from the
left-hand side of the rate equation (1) of I for all
levels with p > 11 a term P, representing the
number of photoionization events per unit time and

volume
P(,)=c(p,hv)><<1>><N, , 2)

where @ is the infrared photon flux (number of
photons per unit time and per unit surface) and
N, is the number density of quantum level p.

The corresponding system of rate equations was
solved on a computer using the methods discussed
in paper I, yielding the predicted relative quench-
ing

szl—NgiI()/Np ) (3)

where N is the number density of quantum level
p with infrared perturbation. @, is shown in Fig.
1 for a typical case for different quantum levels
p. Whatever transfer rate coefficients are chosen,
it is seen that quenching is strongest for the p =11
level, whereas all p <11 levels are quenched by
the same amount, which corresponds to the re-
duction in the CR recombination cascade down
from levels p = 11. For p > 11 the quenching de-
creases rapidly because of the p ~° dependence of
o (p,hv) combined with increasing collisional
rates. As the collisional rates calculated in the
Gryzinski approximation® are much larger (by a
factor ~20) than those obtained by Mansbach and-
Keck? for transitions around p =11, the corres-
ponding quenching is smaller, as shown on Fig. 1.
Qualitatively—always in the limit of purely elec-
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FIG. 1. Predicted relative quenching €, of excited
level densities vs principal quantum number p due to
10.6-pum irradiation under typical experimental conditions
for electron-stabilized collisional-radiative theories
with Mansbach and Keck (MK) and Gryzifski (G) rate
coefficients. Quenching is maximum for the first en-
ergetically accessible level, p=11.
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"tronic transfer—a decrease in electron density or
an increase in infrared photon flux will both re-
sult in an enhanced quenching since photoioniza-
tion is essentially balanced against electron col-
lisions. In fact, in the electron-stabilized col-
lisional limit we find that for a given electron
temperature the quenching @, is for any p and
within 10% a unique function of the ratio ¢ =hv®/
n, for power fluxes 2v® up to 5 kWem™ and for ¢
up to 3X10° Wem. In the experimentally import-
ant case of the p =3 level, for Mansbach and Keck
collisional transfer rates,

Q;=2.2X107% [1 - exp(-4.0X 107 ") |7 71 .
)

When excitation transfers by neutral collisions
become dominant, the quenching should become
independent of electron density. As the corres-
ponding transfer rates are poorly known, we have
not attempted to make quantitative estimates of
this effect. :

By means of infrared perturbation techniques,
it will thus be possible to distinguish between dif-
ferent sets of electron or neutral impact transi-
tion rate coefficients, and to monitor the transi-
tion between electron-stabilized and neutral-sta-
bilized collisional recombination. The corres-
ponding experimental results are deferred to Sec.
IVD.

IIl. EXPERIMENTAL EQUIPMENT AND METHODS

" A block diagram of the experimental system is
shown in Fig. 2. The discharge was created in a
50-cm-long, 8.0-mm-i.d. quartz tube; its central
part was 30 cm long. Germanium windows, trans-
parent to the 10.6-um radiation, were provided at
both ends and were nearly perpendicular to tube
axis; they were soldered to the quartz tube through
a quartz—Pyrex-Kovar—stainless-steel-titanium

microwave

measurements

l & electron
cathode

graded seal. The central part of the tube was lo-
cated inside a standard X-band waveguide (inside
cross section 10.16X22.86 mm?). The light
emitted by the plasma was observed through a slit
in the waveguide (length 83 mm, width 2 mm).

The discharge pulse was applied to two elec-
trodes situated outside the tube axis and near its
ends. Pulse duration was 50 pusec, with a current
~200 mA, at a repetition rate of 200 sec™ . During
the afterglow period, the voltage between the elec-
trodes was clamped to zero to avoid perturbing
the free electrons. All experiments (unless other-
wise stated) were performed at a helium filling
pressure of 2.03+0.03 Torr at room temperature
(nominally 300°K). Gas heating by the discharge
pulse was negligible.

The discharge tube was connected to a high-
vacuum system. High-purity helium gas provided
by I’Air Liquide in 1-liter metal flasks was used;’
it was further purified in a cataphoresis tube dur-
ing 48 h before being introduced into the discharge
tube. During operation of the discharge, impur-
ities released from walls and electrodes were
continuously removed by a getter pump. The sys-
tem was baked at 200°C during 24 h; this was the
maximum rated temperature of the germanium
windows. After baking, pressure rise was below
a few 107! Torr liter sec™'. The only impurity
which could be detected spectroscopically was a
small trace of hydrogen. An identical discharge
tube, without germanium end windows, was baked
at 400°C for 24 h; all results (of course without
10.6-um irradiation) were identical to those ob-
tained in the present tube, with the only difference
that traces of hydrogen could not be detected. We
conclude that gas purity was sufficient, even with
the moderate baking temperature of 200°C.

The X -band microwave diagnostics system has
been described elsewhere.’ It operates at a fre-
quency of 8.77 GHz; probe power is about 1 uW.

waveguide

. laser
heating
Ge power
COy laser window, mete‘r7
& beam = = I FIG. 2. Block diagram
shaping Ge window \ = . of the experimental system.
optics quartz tube /slit ultrahigh
rp‘ anode vacuum
system
spherical 4 0.50 m
mircor monochromator




The microwave interferometer was calibrated by
replacing the discharge tube by an identical quartz
tube which could be filled with gases of known di-
electric coefficient (CO,, N,, and He) at pressures
up to 1 atm. The absolute determination of elec-
tron temperatures by radiometry or from colli-
sion-frequency measurements'! becomes extreme-
ly difficult at low helium pressures. We shall see
in Sec. IV A that electron temperature could be
directly inferred from measurements of ambipolar
diffusion loss rates.

The light emitted along the diameter of the plas-
ma column through the slit in the waveguide was
focused by a system of mirrors on the entrance
slit of a 0.5-m holographic grating spectrometer.
On the exit side, we used a RCA C31034 photo-
multiplier tube in the photon counting mode; the
photocathode quantum efficiency is above 10% in
the wavelength interval between 2300 and 8200 A.
Dark noise was kept below 50 counts/sec by cool-
ing to —40°C. To conserve low noise and high
sensitivity in the late afterglow, the photomulti-
plier tube was protected from the intense light
emission during the discharge and the early after-
glow by clamping the first two dynodes to the
photocathode potential during the first 100" usec of
each discharge cycle. The optical-electronic sys-
tem was carefully calibrated for absolute intensity
measurements against a tungsten-ribbon filament
lamp, itself calibrated by the Bureau National de
Métrologie in Paris.

Two different perturbation techniques were used
to obtain information about the recombination pro-
cesses. The now classical method of selective
electron heating by a low-power microwave field'?
was employed to study the influence of electron
temperature. The microwave heating field (X
band, 9.20 GHz) could be applied during any pre-
selected time interval in the afterglow; to avoid
transient phenomena, it began always at least 50
usec before the start of the measurement period.
Three different heating power were used: 12, 24,
and 38 mW. The electron temperature increment
can be related quite precisely to the microwave
power.® In this geometry and taking the quartz
tube into account, the computed proportionality
factor is 4.58 K mW™2. .

In addition we have used the perturbation method
first described by Kaplafka et al.” A pulsed laser
was used to photoionize excited levels near the
“bottleneck” of the CR recombination sequence.
The CO, laser which we built and used had a pulse
duration between 10 and 150 psec at a maximum
pulse rate of 100 pulses/sec with a pulse energy
typically between 10 and 20 mJ. The laser beam
was made parallel and adjusted to a diameter be-
tween 2 and 6 mm by means of spherical gold-
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coated mirrors before entering the discharge tube.
By varying the beam diameter and/or inserting
attenuating filters, the irradiation intensity could
be varied from 50 to 2000 W/cm?. Spatial and
temporal variations of the laser pulse were mon-
itored with a rapid pyroelectric detector, while
the total energy was measured with a precision
calorimeter. Reflections and attenuations due to
the germanium entrance and exit windows were
taken into account, and extreme care was exer-
cised to obtain a meaningful absolute evaluation of
the time- and space-resolved infrared photon flux
inside the plasma.

Experimental data were accumulated in three
32-channel analyzers. It was, thus possible to
measure simultaneously laser power, plasma light
emission on a spectral line, and its variation due
to laser perturbation, all with a time resolution
of 1 usec (channel widths of 10 or 20 ysec were
used in practice). An individual experimental run
comprised up to 2'® discharges and lasted more
than 20 min. The corresponding lower sensitivity
limit for light intensity measurements corres-
ponds to about one detected photon every 2000 dis-
charges. The measured values for each channel
were punched on paper tape for subsequent digital
treatment by a computer. The whole experimental
system was reproducible within error bars over
the span of several months necessary to gather the
data presented in Sec. IV.

IV. EXPERIMENTAL RESULTS

A. Free-electron number density and temperature

No measurements were taken during the early
afterglow, i.e., less than 100 usec after the end
of the discharge pulse, to avoid complicated tran-
sient phenomena. -

The electron density during the afterglow is a
function both of time and of radial position inside
the container. It is the solution, with proper
initial and boundary conditions, of a nonlinear,
partial differential equation including losses by
ambipolar diffusion and by recombination and a
source term describing electron production during
the afterglow, probably by metastable-metastable
collisions.® This may be symbolically written

dne> _ (dne> (dn% (_ql_@)

(dt meas dt Jaise " at / rec * At /source ’ (5)
Figure 3 shows the measured electron density
at 2.03 Torr during the afterglow period of inter-

est for the unperturbed plasma and for each of
the three microwave heating fields applied dur-
ing the whole of the afterglow. Systematic errors
on electron density measurement are estimated to
be below 4%. The decay is seen to be truly ex-
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ponential from 370 usec onwards: this suggests
that ambipolar diffusion is the dominant loss pro-
cess. This should be expected, since the ambi-
polar diffusion coefficient is large in helium at
low pressure, and since the fundamental diffusion
length is small (A =0.167 cm for 8-mm tube dia-
meter). Independent spectroscopic measurements
of the recombination loss term, by the technique
described in Sec. IV C, and of the source term,

by the technique described previously by Delpech
and Gauthier,® confirm that they are indeed neg-
ligible. Furthermore, it turns out that under our
particular experimental conditions without micro-
wave heating the last two terms on the right-hand-
side of Eq. (5) cancel almost exactly each other
during the whole of the afterglow period of inter-
est. Cancellation is not as good during microwave
heating as the source is practically unaffected
while the recombination term is strongly reduced,
but one may still write to a very good approxima-
tion

CIC

At Jmeas N\ A /gt

Dﬂ(Te)
AZ

Ny (6)

From the measured exponential decay after 370
usec, in the absence of microwave heating, one
deduces

D,p=475+"T cm®sec™ Torr ,

in good agreement at 300 °K with what can be de-

= T T T T ]
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1011 b no *microwave heating —
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” 24 mW.
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FIG. 3. Measured electron density on tube axis vs
time for the four values of microwave heating power;
measurements of the local slope of the curves yields the
electron temperature through Eq. (9), as ambipolar dif-
fusion is the dominant loss process.

duced from the accepted mobilities of the atomic
and molecular helium ions and the atomic-to-
molecular ionic conversion coefficient.>* A de-
tailed analysis shows that the concentration of
molecular ions never exceeds 7% of total ionic
concentration. To a sufficient approximation then
nye+=n,; this is confirmed by the low intensity of
the observed molecular helium bands.

One should also note that the fundamental diffu-
sion length of the plasma container is much smal-
ler than the energy relaxation length.'® This en-
sures the homogeneity of the electron temperature
over the tube, even in the presence of radially in-
homogeneous heating.

Ambipolar diffusion being largely dominant, it
follows that the radial profile of the electron dens-
ity is given by

n,(r) =n,(0)J,(2.4057/R) , )

where R is the tube radius and J, is the zero-
order Bessel function. The axial electron density
7,(0) is then related to the microwave measured
spatial average value (n,) by

7,(0)=2.31(n,) . )

Figure 3 shows #, in the tube center.
Furthermore, according to ambipolar diffusion
theory**

Da(Te) =%Da(Te =Tr)(1 +Te/Ti) ’ (9)

where T is the ion temperature, equal in this
case to the gas temperature, i.e., 300°K. A
comparison of Egs. (6) and (9) shows that a mea-
surement of the slope, on a semilogarithmic plot,
of the measured electron density versus time
should yield a reliable evaluation of electron tem-
perature.

We have already noted the fact that at times ¢
> 370 usec into the afterglow, without microwave
heating, this slope corresponds to its expected
value at 300°K. Electron temperatures deduced
from the measured slopes of the curves on Fig. 3
in presence of microwave heating are also in
agreement within errors bars with their predicted
values (see Table I).

Electron-density decay curves deviate slightly
from an exponential at earlier times; this may be
understood at least semiquantitatively by taking
into account the fact that the free-electron gas is
heated by the fast electrons produced by the elec-
tron-source term.!® Similar phenomena have been
extensively documented in cryogenic helium after-
glows. 0! Ags the source term is very nearly in-
dependent of microwave heating under our experi-
mental conditions, the electron-source heating
term may be expected to be simply linearly addi-
tive to the microwave heating term, which is itself
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TABLE I. Computed and measured electron temperature increments due to microwave

heating.
Computed electron Measured electron
temperature temperature
Microwave heating increment increment
(mW) (°’K)
12 50+6
24 109+8
38 163+ 11

independent of T,. Figure 4 shows that this inter-
pretation is coherent. The ambipolar diffusion
time constants have been determined from the lo-
cal slopes of the log,,n.-vs-time curves, and the
electron temperatures from Egs. (6) and (9); the
unperturbed electron temperature T, - (AT, hnicrow ?
averaged over the four microwave heating powers
(0, 12, 24, and 38 mW), has been plotted as a
function of time.

In conclusion then, the measured electron tem-
perature is well represented by

Te = (ATe)microw +(ATe)source +300 OK ’ (10)

where (AT, ) icow 1S €Xperimentally related to the
microwave heating power (see Table I) and where

628 exp(—t/500) — 300
for 150<¢t<370 usec,
0 for t=370 usec. (11)

Systematic and statistical errors in the electron
temperature as given by Eq. (10) should not ex-
ceed +4%.

(a TE)souxce (°K) =

B. . Excited-states populations

The light emitted on a given transition, at a
given electron temperature, should be propor-

500 ‘ -1

Te-ATe[~
°K)
300

1
20075450 200 600

t(es)

FIG. 4. Difference between the electron temperature
deduced from Fig. 3 and the measured temperature
increments due to microwave heating, averaged over the
four different microwave heating powers. Solid line cor-
responds to (AT, ) sure +300°K, as given by Eq. (11).

tional to some power y of the electron density.
Electron temperature being uniform, the radial
profile of the light emitted on the line under con-
sideration, using Eq. (7), will be given by

I0r,8) =1(0, 1) [J,(2.4057/R)]" . (12)

Figure 5 shows the decay of a few lines belong-
ing to the p3D — 23P series in the absence of mi-
crowave heating. For comparison, the corres-
ponding evolution of the square of the electron
density is also shown. The exponent y is seen to
lie between y =2 (for p =14) and y=2.35 (for p =3).
This is of great practical advantage, as absolute

T T ¥ 1 T |
1012
1010__
(ecm=3.s1)
108 ] | [ | | ]
100 400 700

t(ps)

FIG. 5. Time dependence of the square of the electron
density compared with the absolute intensity of selected
lines: @, 3°D-2°P; a, 6°D-2%p; m, 93D-2%P; A, 12°D
-23p; O, 14%p-23p.
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light intensity measurements yield a spatial aver-
age {I(r,t)) along a tube diameter. Now if 2<7y
< 2.5 we may write

100, 1) = 2.23(I(r, t)) , (13)

and we obtain the light intensity on the tube radius
with a systematic error below 4.5%. The quartz
tube exhibits a weak, broad band fluorescence in
the blue, which decays slowly during the after-
glow; its contribution was eliminated by double
synchronous detection.

Spontaneous transition probabilities are well
known for the helium atom® and absolute light
intensity measurements yield directly the popula-
tion density of the upper level involved in the
transition.

The logarithm of the population density of the
»°D levels on tube axis is plotted in Fig. -6 against
ionization energy at three different times in the
afterglow. The independently measured electron
densities and temperatures are also indicated, as
well as the corresponding predicted population
densities in the collisional radiative model* where
the third body is an electron. However, one should
already note that while the agreement may seem
fair in order of magnitude, the experimental dis-
tribution of excited levels is much flatter than
predicted, and does not show a hump around levels
p =T to 10: this should not be too surprising in a

l T T T

10 cm3,300°K
-Ep —»
1 (V)5

1 L 1 ]

10 5 ‘a — p :.;

FIG. 6. Reduced populations of He(psD) levels; solid
curves correspond to CR theory of I.

classical approximation; the sublevels of different
orbital quantum number ! may not be in thermal
equilibrium for various reasons, at such low elec-
tron densities, and furthermore electron-neutral
collisions should be expected to play a role. We
shall examine this last point in more detail in

Sec. IVC.

C. Determination of the electron-He* recombination rate
coefficient

As mentioned in the Introduction, CR recombin-
ation with a neutral atom as a stabilizing third
body should become important near 2 Torr, 300-
500 °K, when the electron density is below a few
10'° cm™. To a good approximation, the rate co-
efficient a,, of CR recombination simultaneously
stabilized by electrons and neutral atoms should
simply be the sum of the rate coefficient for col-
lisional stabilization by neutrals «, and the elec-
tron CR rate coefficient a,:

Qoo = @ + 0 (14)

since it may be fairly assumed that the relative
distribution of the excited levels which contribute
substantially to the recombination process (i.e.,
around the bottleneck) does not depend significant-
ly on the details of the collision processes,*” and
since the electron and neutral temperatures are in
a ratio of order unity.

The electron-stabilized CR recombination rate
coefficient for He* was computed in I. It is

afheo) (cm3sec™?) =1.55% 10710 7063
+6.0X 107077 1250-37

+3.8X10797, %50, ,  (15)

with T, in °K and %, in em™.

Theoretical estimates for the neutral-stabilized
recombination rate coefficient for He* in helium
at 2 Torr, 300°K range from

a, (cm®sec™!) =3.8X 1075725 | " (16a)
in the simple theory of Thomson, to
a, (cm®sec™) =2.4X10741;2-5 | (16b)

in the theory of Pitaevski. The results of both
theories are reported by Bates and Khare® and
their own predictions are well represented in our
temperature and density range by

a, (cm®sec™) =1.2X10747,2-5 | (16¢)

While the absolute values range over almost an
order of magnitude, the basic functional depen-
dences are the same in these conceptually differ-
ent theories.

Under our experimental conditions of relatively
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low electron and neutral densities, it seems rea-
sonable to assume that direct nonradiative popu-
lation of the p =2 states is negligible. The experi-
mental rate coefficient of recombination a®**? into
the p =2 states can then be found'®*~?° by summing
all radiative deexcitations to the p =2 states:

dne>
—€ =y (expt)
a (PX
( dt rec € He+

-k ~ am

where I, , is the measured absolute intensity of
all radiation from levels with principal quantum
number p to levels with quantum number 2,
summed over the six (p =2) spectral series of
helium, and expressed in number of photons per
cm?® and per second. The series is found to con-
verge quite rapidly and it is sufficient to truncate
itatp="1.

One should bear in mind that there may be un-
trapped radiative pathways in the vacuum ultra-
violet from excited, p>2 atomic states to the
fundamental He (1'S) state [for example, by forma-
tion of a He, (p'T) state followed by radiative de-
excitation to the fundamental dissociative He,
(X'z) state]. Such processes were neglected in
the theory of I; in consequence a‘**? defined by
Eq. (17) is directly comparable to our theoretical
predictions but may be different from the e -He*
recombination rate coefficient into the fundamental
He (1'S) state. We expect this difference to be
negligible at helium pressures of a few Torrs.

As reported in Sec. III, we have made precise
measurements of the light intensities I, ,; the
electron density #, and temperature T, were de-
duced from microwave diagnostics, and n, , =n,.
The recombination rate coefficient a***" on tube
axis deduced through Eq. (17) when no microwave
heating field is applied is shown in the top part of
Fig. T (full circles) as a function of electron dens-
ity which decays in the afterglow from 3X 10" to
3Xx10° cm™® [the corresponding time in the after-
glow can be read from Fig. 3 and the electron
temperature may then be deduced from Eqgs. (10)
and (11)]. Error bars correspond to possible sys-
tematic errors in the measurement of the relevant
parameters, and random errors are indicated by
the scatter of the data points.

Also shown on Fig. 7 (triangles) is the theoreti-
cally predicted a{th” given by Eq. (15); the length
of the error bars corresponds to the estimated
possible systematic uncertainties inn, and T,. It
can be seen that a®*” and (™" are significantly
different, and that the difference increases as n,
decreases. The situation remains qualitatively
similar in presence of microwave heating fields;

no microwave heating + + ++ +
++ iA AA, AA“

L

A 24 microwave heating : 38 mw

| |

1 010 q 011

ne (cm=3 )

FIG. 7. Measured recombination rate coefficient (dots)
and theoretical contribution of the electrons (triangles)
computed from the measured electron density and tem-
perature [Eq. (15)] without microwave heating (full
symbols) and with 38-mW microwave heating power
(open symbols).

the case of 38-mW heating power is also shown on
Fig. 7.

These observations are consistent with the ex-
pected contribution of stabilization by neutrals to
the global recombination phenomenon, and conse-
quently to its rate coefficient a; we have thus
constructed the difference

agexpt) = qlexpt) — aéther) (]_8)

between the experimental recombination rate co-
efficient @(xrY and the theoretically predicted rate
for electron-stabilized CR recombination a{"?,
using independently measured values of #, and T',.
No dependence of a{**) on electron density was
found over almost two decades. On the other hand,
af*® exhibits a strong electron temperature de-
pendence; the 80 experimental points obtained
with and without microwave heating have been re-
duced into the nine rectangles shown in logarith-
mic coordinates on Fig, 8. The corresponding
weighted regression line yields

ad™® (em®sec™?) =3.5X107°7;%° (19)

in reasonable agreement, both in order of magni-
tude and in electron temperature dependence,
with the theoretical predictions of neutral stabil-
ized CR recombination.

Conversely, we have constructed the difference

AP = a — ol (20)

with o&®? given by Eq. (19). This has been plotted
on Fig.9 in the “universal coordinates” X and Y
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introduced in I. This procedure yields of course
experimental points in average agreement with the
“universal curve” which is the locus of a{"* in the
XY plane. However, it is important to note the
relatively small scatter of the experimental re-
sults over this wide range of experimental condi-
tions; furthermore, the distances of the points to
the theoretical curve (residuals) do not show any
statistically significant dependence on any identi-
fied parameter.

As the only two independent variables are », and
T,, the procedure just described amounts simply
to a two-dimensional nonlinear regression of the
raw experimental data @9 to the functional form

a=BTe'B+Cae ,

where B and C are independent of #n, and T,, and
o, is given by Eq. (15) and is thus dependent on
both T, and n,. While the choice of this functional
form is to some extent arbitrary, it is directly
suggested by the theoretical considerations leading
to Eq. (14), and it is confirmed by the fact that
there appears to be an electron-density—indepen-
dent experimental contribution to the total recom-
bination rate coefficient; it is also coherent with
our experimental results with infrared irradiation
(Sec. IVD below). The regression yields B =3.5
X107% (cgs units), §=1.9 and C =1. The total elec-
tron-He* recombination coefficient in helium gas
at 300°K, 2.03 Torr is thus well represented un-
der our experimental conditions by

) (cm®sec™) =3.5X 10751, *+°
+6.0%X 10-9Te-2.18n2.37

+3.8X107°7;%%n, . (21)

Equation (21) fits our experimental data within
error bars (see Figs. 8 and 9) and appears to sup-
port experimentally the presence of neutral-sta-
bilized CR recombination of the atomic ion He";
we shall see in Sec. IV D that this interpretation
is also supported by our results with infrared ir-
radiation. However, to confirm the presence of
neutral-stabilized recombination, it would have
been extremely useful to vary significantly the
neutral density, i.e., the gas pressure. At pres-
sures below 2 Torr, it was not possible with our
experimental system to obtain a discharge of the
outstanding stability and reproducibility which are
absolutely necessary for such spectroscopic
studies. On the high-pressure side, a series of
experiments was performed at a gas pressure of
5.15 Torr; while reproducibility was good, abso-
lute spectroscopic evaluation of the recombination
rate coefficient o®**? was not possible, as the con-
centration of the molecular ion He,” was large and
could not be measured absolutely. The relative

060 T T T T 7T7
(cm3s'1)
-9
10 \ .
L \ ]
L \BE J
| @ |
\
\
1610 1 L1
300 600
Te (°K)

FIG. 8. Electron temperature dependence of the dif-
ference a; between the experimental recombination rate
coefficient and the theoretically predicted rate for
electron-stabilized CR recombination using independently
measured values of #, and T, [Eq. (18)].

rate coefficient could however by evaluated and
its general behavior with electron density was in
good qualitative agreement with the results at 2
Torr reported in this section after proper scaling.

D. Experimental results with CO, laser irradiation

It was first experimentally verified that at a
given 10.6-um photon flux & and electron density

-1 | I | | | | |
22 24 26

X

FIG. 9. Electron density and temperature dependence
of af** [Eq. (20)] plotted in the universal coordinates
introduced in I: X =log,yl(n, /10190387, ]  Y=1log,, (n,/
1010)0.1634] , compared with the universal curve com-
puted from electron-stabilized CR recombination theory
with Mansbach and Keck rate coefficients.




n, and at constant neutral pressure all energy lev-
els and observable sublevels of principal quantum
number p <11 exhibited the same relative quench-
ing @,, as predicted by CR theory (see Sec. II).

Light.intensities for transitions originating from
the high quantum levels were too weak to yield
statistically significant @, values. On the con-
trary, the quenchings of the lower levels (which
emit most afterglow light) Weré. readily measured;
as they were all found to behave similarly, as
predicted by theory, we only report here results
obtained on the 33D-2%P line at 5876 A; its rela-
tive quenching [defined by Eq. (3)] will be denoted
@, in what follows.

The results for electron temperatures between
300 and 380°K and for electron densities above
6X10'° ¢cm™ are shown in Fig. 10. They are in
good agreement with the predictions of electron-
stabilized CR theory with Mansbach and Keck
transition rates over the corresponding range of
electron temperatures [see Eq. (4)]. They are
significantly larger than predicted by the same
theory using Gryzinski’s transition rates (broken
line).

Figure 11 shows the relative quenching @, over
the whole range of electron densities covered in
this experiment at electron temperatures between
300 and 380°K, at a single infrared power density
of 300 Wem™2. As predicted, the quenching be-
comes independent of electron density at low elec-
tron density; we interpret this observation as
corresponding to the onset of neutral-dominated
transfer, and it occurs at electron densities be-
tween 6X10% and 10 cm™3.

As quenchings are defined as relative quantities,
measurements were also possible at 5.15 Torr,
with the only limitation that light intensity, even

1oo———7—r—————

0.3 -

(%)

6.10'0 < ne< 1540' em3-

i 300 Te< 380°K
,/
1 ' 1 N L 1 L N t
109 108 107
C (W.cm)

FIG. 10. Relative quenching of the 3°D level vs the
ratio ¢ of ir power flux over electron density and theo-
retical previsions of electron stabilized CR recombina-
tion using Mansbach and Keck (MK) rate coefficients for
T, between 300 and 380°K (dashed zone) and with Gry-
zifiski (G) rate coefficients for T, =300 °K (dashed line).
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10011
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Qs 300<Te<380°K |
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M.K.

1 " A | N " P |

1010 10 10
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FIG. 11. Relative quenching of the 3°D level vs elec-
tron density with 300-W/cm? ir power and theoretical
previsions of electron-stabilized CR recombination using
Mansbach and Keck (MK) rate coefficients for T, bet-
ween 300 and 380°K (dashed zone) and with Gryzifiski

~ (G) rate coefficients for T, =300 °K (Solid line). Satura-

tion of the quenching at low electron densities corres-
ponds to the onset of neutral-dominated transfers.

on the 5876-A line, now becomes too weak to al-
low measurements at electron densities below
10" cm™. However, results obtained for n,> 10"
cm™3 are also shown on Fig. 11; they extend to
higher densities and they confirm the good agree-
ment at high electron densities between our ex-
periments and the collisional-radiative electron-
stabilized theory using Mansbach and Keck col-
lisional transfer rates.

V. CONCLUSION

We have presented detailed spectroscopic mea-
surements of light emission and excited level
populations in a thermalized plasma of central
electron density from 5% 10° to 3X10*! cm™ and
electron temperature from 300 to 600 °K, at a gas
temperature of 300°K and at a pressure of 2.03
Torr. Electron density and temperature were ob-
tained by microwave interferometry independently
of optical measurements, and an absolute compar-
ison was thus possible between experiment and
collisional-radiative theory. Interpretation of the .
experimental results has been considerably sim-
plified by choosing experimental conditions such
that ambipolar diffusion was the dominant elec-
tron-loss mechanism, and by application of well-
controlled perturbation techniques of the free
electron population and of the Rydberg states of
neutral helium. In contrast, it should be noted
that in previous work the measured population
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densities were used to obtain electron tempera-
ture®®:2! or electron temperature and density, or
that the collisional transition rates were adjusted
so as to obtain agreement between calculated and
measured population densities®?; furthermore,
previous studies (except in the case of Collins

et al.”®) were performed at higher electron densi-
ties and/or temperatures.

All our experimental data are consistent with a
collisional-radiative (CR) recombination scheme
with simultaneous stabilization by collisions with
free electrons and with neutral helium atoms.
They establish the fact that the Gryzinski formal-
ism® for electron-impact—induced transitions be-
tween bound Rydberg states of high principal quan-
tum number overestimates seriously the probabil-
ity of collisions with small energy transfer; this
is independently confirmed by our study of the
perturbation of the afterglow by infrared irradia-
tion with a CO, laser: at electron densities around
10'* ¢m™ and larger where electron collisions are
dominant, the relative quenching of the recombin-
ation produced by photoionization of the p > 11 lev-
els follows closely the predictions of a CR theory
using Mansbach and Keck?® rates, while it is in
substantial disagreement with a similar theory
using Gryzinski rates.

The present study gives also the first experi-
mental indications on what appears to be neutral -
stabilized collisional-radiative recombination of

STEVEFELT, AND DELPECH 15

an atomic ion, in this case He*. An electron-ion
recombination process governed by neutral atom
collisions with a rate coefficient proportional to
gas pressure has been previously reported for the
He," ion®; neutral collisions appeared at least in
part in connection with vibrational-rotational en-
ergy transfers® and were thus presumably a
characteristic molecular feature. In the present
case, various mechanisms may be invoked for ex-
citation transfer between atomic excited states
and for stabilization of the recombination; in addi-
tion to collisional transfers, one may, for exam-
ple, envision curve crossings between diabatic
He, states and the He," ionpotential curve near its
dissociation limit.?® A detailed study of these in-
dividual mechanisms appears now to be possible
both theoretically®® and experimentally?” and would
be of interest.
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