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The rate coefficient P, for the ionizing collision of two metastable helium atoms (2'S) is evaluated

from measurements in a steadily decaying helium afterglow plasma with three different techniques.
The value of P, is also determined with a perturbation technique. All the values of P, determined by
these techniques lie within the range (4.5+1.0)X10 cm' sec '. This value is larger than that
observed directly from the decay of the density of the triplet helium metastable atom because the
dissociative recombination of He2 is a significantly large source of atomic metastables.

I. INTRODUCTION

The rate coefficient P, for the ionizing collision
of two metastable atoms in the 2'S level was first
examined by Phelps. ' He monitored the time de-
pendence of the triplet metastable atoms in a heli-
um afterglow plasma by measuring the absorption
of 3889-A line radiation from a separate source.
More recently, Miller et al. measured the phase
shift of the neon-laser line (1.0798 p, 2s~-2P,
transition) to determine the time history of the
triplet metastables in a similar hei. ium afterglow
plasma. In both cases (Refs. 1 and 2) the value of

p, was obtained from the slope of the straight line
in a plot of 1/M, versus time, where M, represents
the density of the atoms in the 23$ levels. Since
Johnson and Gerardo3 have shown that He2' recom-
bines dissociatively with electrons, it is now clear
that the slope of 1/M, versus time gives only the
effective rate coefficient g, for the ionizing colli-
sion between two triplet metastable atoms rather
than the actual coefficient P, .

In this paper we evaluate the value of the rate
coefficient g for the reaction between two helium
atoms (2sS), which results in an ion (atomic or
molecular), by various related but independent
techniques. In the text these techniques are la-
beled (i) rate equation, (ii) equilibrium and particle
densities, and (iii) equilibrium and rate parameters.
These results will clearly indicate that P, is larger
than the effective value g, . Each technique used
to evaluate p, requires different assumptions or
approximations. Partial justif ication and credi-
bility for our reported value of p, are derived from
the reasonable agreement of the values of P, , even
though each technique requires different assump-
tions.

The equipment and techniques employed in this
experiment have been described elsewhere.
Briefly, a helium afterglow plasma was produced
in a discharge tube of 12.8-cm diameter by a 5-A
current pulse of 6-p,sec duration. The electron
density was measured with a variable-frequency

free-space microwave interferometer. Most of
this work was done at a frequency of about 25 GHE.
The atomic-metastable density (2 ~S) of hei. ium was
monitored by measuring the absorption of 3889-A
radiation from a separate source. The relative
density of the triplet molecular metastables was
monitored similarly with the 4650-A band radia-
tion. In the perturbation technique, the rate of
recombination of electrons with He2' was reduced
by heating the electrons with a second, ].-A or
less current pulse of 200- p, sec duration. The same
results were obtained with different current levels.

II. RATE EQUATION

The rate equation governing the decay of the trip-
let metastable atoms in the helium plasma under
study ls

dMg = —
Pg Mg —gq Mg M~+ o q N, = —g~ Mq, -(1)2= — 2

where g~ is the rate coefficient for ionizing colli-
sions between atomic metastables and molecular
metastables, M2 is the molecular-metastable den-
sity, ~, is the rate coefficient for the electronic
recombination of He2' that results in an atomic
metastable, and N, isthe electrondensity. The den-
sity of He2' ions is set equal to N„because at the
gas pressures considered here (15—25 Torr) atom-
ic ions are rapidly converted to molecular ions.
The conversion of atomic metastables to molecular
metastables has been neglected, because this rate
is slow compared to the other terms in Eq. (1) at
the low gas pressures considered here. Equation
(1) is set equal to —p„M~~ (p„=const), because by
experimental observationboth here and elsewhere'
the metastable decay can be described in this man-
ner for the plasma conditions considered here.

Theoretical estimates and experimental observa-
tions indicate that both inelastic and superelastic
collisions of electrons with atomic metastables are
.negligible in the investigated plasmas. Experimen-
tally we observed that during the heating pulse the
sum of the densities of the 2'$, 2'P, and 2 P lev-
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FIG. 1. Time history of the density of the triplet atom-
ic-helium metastables M~ and of the electron density N,
at 15 Torr. The solid lines represent the measured val-
ues from the unperturbed helium afterglow and the I' s
the measured values from the perturbed helium after-
glow. The perturbation was a current pulse which heated
the electrons from 300 to 500 psec after the initial dis-
charge to a temperature of -1200K.

els of helium. was less than 10' cm ', while the
density of the 2 S level was typically 5 ~ 10" cm
We take this as sufficientevidencethat inelastic
collisions can be neglected during the heating pulse.
The superelastic-collision rate (A) was estimated by
using detailed balance and the experimental cross
section ' for excitation of ground-state helium to
the 2 S energy state. For all. electron tempera-
tures (T,) of importance to this discussion, we es-
timate that 2 = 2. 5 && 10 "0'r, cm' sec ' By
equating the rate of joule heating to the rate of elas-
tic energy loss of electrons against 300 'K helium
atoms, we estimate that the electron temperature
is 1200'K when the heating pulse is on. The elec-
tron temperature with no joule heating is estimated
to be approximately 450 'K. The measured values
of M„Mz, and x„ the rate of decay of M, duringthe
heating pulse (see Fig. 1), and the estimated values
of A at the electron temperatures given above indi-
cate that superelastic collisions of electrons with
M, may account for 15% of the rate of loss of M,
during heating and less than 5/p in the absence of
heating. In addition, we have observed that follow-
ing the termination of the heating pulse, all measure-
ments of the plasma properties indicate that the
plasma returns to its nonheated state. Since super-
el.astic collisions produce a permanent loss of meta-
stables and since the return to the unheated state of
the plasma'indicate that the heating pulse did not
introduce a large permanent loss of metastables,
we conclude that superelastic collisions are not
important in the plasma under study.

The incorrectness of equating p, with p„(i.e. ,

dM, /dt= —g M~) is clearly demonstrated when the
rate of recombination of the electrons and ions is
reduced by heating the electrons in a helium after-
glow plasma as described previously. 3 The value
of g, in the undisturbed helium afterglow at 15
Torr is 2. 2 x 10 cm3 sec (Fig. 1). When the
rate of electronic recombination is perturbed (see
Fig. 2), the value of P„ is increased to 3. 5 && 10
cm~ sec '. Since PI is not dependent upon the elec-
tron temperature, the change in P„with the change
in the electron temperature indicates that it is in-
correct to equate P, with Py, .

Equation (1) can be used to evaluate p, . By re-
arrangement, p, can be expressed as

P, = P„—P„(M,/M, )+ o, (Pr, /M, )'. (2)
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FIG. 2. Time history of 1/M~ where M~ is the triplet
atomic-helium-metastable density at 15 Torr. The value
of the effective ionizing collision rate P~~ for two atomic
metastables for the unperturbed helium afterglow is ob-
tained from the slope of the dots. The value of P~~ during
the perturbation is obtained from the crosses over the
time range 300-500 @sec. The perturbation was a cur-
rent pulse which heated the electrons from 300 to 500
psec. Note that the ordinate and abscissa do not start at
zero.

The values of P„, N„and M, were measured as
described. The value of &, is given approximately
by 0. 65~, where ~ is the total. electronic recom-
bination coefficient of He~'. ' The second term in
Eq. (2) contains the parameters about which as-
sumptions must be made. The first assumption is
that the value of the average absorption coefficient
of the 4650-A band of He2 is one-tenth as large as
the integrated absorption coefficient of the 3889-A
line of He as suggested by Phelps. ' The second
assumption is that P, equals P,z. Although Johnson
and Gerardo' have suggested that the values of P,
and P,a are nearly the same, this last assumption
could introduce the largest error in the following
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TABLE I. Estimated values of Pi. The techniques used
to calculate Pi listed above are described in the text with
"A" and "8"described in Sec. II, "C"in Sec. III, and
"D" in Sec. IV.

Pressure
(Torr)

Technique
A 8 C D Range Units

4. 7 3.8 5.3 5. 1 4. 6+1.0 10" cm sec-9 3

(P is the ionizing rate coefficient for two molecular
metastables. ) The sum of the atomic-metastable

calculation of g. At a pressure of 15 Torr, the
ratio of M~/M, was determined to be approximately

0. 3 for times intothe aftergl. owfrom 0. 2 to 2 msec.
Although dissociative recombination of He~' is the
largest recombination mechanism in a 15-Torx' room-
temperature helium afterglow, 3 other recombination
mechanisms are present that produce some mole-
cular metastables. The ratio of N, /M, was essen-
tial. ly constant from Q. 1 to 2. 0 msec into the after-
gl.ow and was found to be equal to Q. 6. With the
above assumptions and measurements, the value of

P, at 15 Torr is given by

A = (Ae+ 0 35 o.i)/I 3 ~ (3)

The. value of g can be evaluated both from the
measured parameters in the undistuxbed helium

afterglow and from the measured parameters in the
perturbed afterglow. In the undisturbed afterglow,
the value of a (1.74 x 10 cm' sec ' at 15 Torr)
is taken from Ref. 5. The value of g, is taken
from the curve in Fig. 1. This gives a value P,
=4. 7 ~10 9 cms see ', which is tabul. ated in Table
I under "A". The value of ~ during the heating
pulse (perturbed afterglow) is taken to be equal to
one-third of its value before the heating was ap-
plied. This is the value determined from compar-
ison of numerical, solutions to the experimental
electron density measured during the heating
pulse. Within the experimental error, this is
consistent with the relation, 5 n ~ (I/T, ), and the
estimated value of 7, with heating is 1200 'K and
without heating, 450'K. The value of p„ is taken
from Fig. 2. The value of g evaluated from the
perturbed afterglow is equal to 3. 8 x 10-9 cm3 sec-'
and is tabulated in Table I under "B." Similar
evaluations at 25 Torr give 4. 4 && 10 ~ cms see
and 3.8 x 10 ~ cm~ sec ~ for the value of p, .

III. EQUILIBRIUM AND PARTICLE DENSITIES

With the assumption that al.l helium metastabl. es
(molecular and atomic) have equal rates (P, =

= P
-=p) for ionizing colbsions, ~ the rate equation

for the electron density is given by

dN, , ~, 3= —~X,+y P M —= —~sos.

density and the mol. ecular-metastaMe density is
represented by M, and the effective electronic re-
combination coeffieient4'5 is given by o, The ef-
fective recombination coefficient is independent of
time over a wide range of conditions. 4'5 Solution
of Eq. (4) for P gives the following:

P = 2(o —n, ) (N, /M)'.
The values of ~ and ~, at 15 Torr axe taken from
Ref. 5. The value of M is taken to be equal. to
1.3Mj for the reasons described in Sec. G. The
value of p is thereby evaluated to be 5. 3 x l(p cms

sec at 15 Torr and is listed in Table I under "C".
Since the above evaluation was made at low pres-
sures where atomic metastables dominate, the val-
ue of P should be closer to the value of P, than it
is to the value of g.

With the assumption of equal ionization rates for
all metastabl. es, the rate equation for the total
metastable density is given by

= —PM~+ k(yN, = —P, M~, (5)

where k is the total fraction of recombination
events which result in metastable species and P,
is a constant defined by the equation. Experimen-
tal xesults show that the el.ectron density can be
expressed by N, =[(I/N, )+ n, f)] ', where No is the
initial electron density at time f = 0. Equation (4)
implies that M and N, have the same functional de-
pendence on time. By substituting the relation be-
tween M and N, from Eq. (4) into N, = [(I/N, )
+ n, f)] ', by using dM/df = —P, M', and by equating
the coefficients of ta, one obtains some necessary
relations between P, o, , and o,, which are given in
Ref. 5. We also assume that all recombination
events end up in a metastable state and, thus, set
k= l. This is reasonable since only a very small.
fraction of the resonance radiation of the singlet
atomic level, s will escape the plasma at these pres-
sures. Thus, most of the helium atoms in an ex-
cited helium state that results from dissociative
recombination will terminate in a metastable level.
Additionally, the nondissociative electronic-recom-
bination preferentially results in a molecular trip-
let level and these levels terminate in a metastable
state. Some of the singlet diatomic energy levels
produced by nondissoeiative el.ectronie recombina-
tion will also be permanently transferred into trip-
let levels by collisions. (In Ref, 5 the value of k
was stated to be equal to 0. V. This vat.ue was cal-
culated with P set equal to P„. Since g is surely
larger than P„, the value 0. 7 is the lower limit of
k. ) With the assumptions made above, the depen-
dence of P on ~ and ~, can be expx'essed as follows:

3ng (Q &8) (5)
(n —2n. )'
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With the values of ~ and ~, given in Ref. 5 at 15
Torr, p is evaluated to be equal to 5. 1 x 10 ~ cms
sec-' and is presented in Tabl. e I under "D."
Again, because p is evaluated at low pressures,
it should be nearly equal to g.

Using the entire range of n and o, (Ref. 5) which
was measured at gas pressures between 15 and 55
Torr, we evaluated p with Eq. (6) and found it
yielded values from 4. 5 ~ 10 9 to 5. 1 x 10 9 cm
sec '. In this pressure range, the conditions
changed from the case at l.ow pressure, where the
total metastable density was nearly equal. to the
atomic-metastable density, to the case at high
pressure, where the molecular metastables com-
pl.etel.y dominated after a time into the afterglow.
The fact that P changed by only a small amount
over this pressure range is a self-consistent justi-

fication that all metastaWbe ionizing rates are near
ly equal.

V. DISCUSSION

In the above calculations, various severe, al-
though reasonable, assumptions were made in each
case. A major justification for the derived value
of p, is that the values of p, determined by differ-
ent techniques vary about the mean value by only
20%. All of the derived values of P, evaluated from
the different techniques are between the maximum
and minimum values given under "Range" in Table
I. A more accurate evaluation of P, requires a
more accurate value for the oscillator strength of
the 4650-A band of He~. When this oscillator
strength is more accurately known, the technique
describedhere canalsobe used to evaluate p&2 and p2,
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We utilize an atomic independent-particle model to calculate photoionization cross sections for atomic
nitrogen and atomic oxygen as a function of the wavelength of the incident radiation, from threshold
down to 10 A. Comparison is made with available experimental data and the results of Hartree —Fock
calculations.

I. INTRODUCTION

Atomic photoionization cross sections are useful.
in probing the details of atomic structure. A knowl-
edge of such cross sections is helpful in the under-
standing of gaseous discharges, ionospheric l.ayers,
and stel1ar atmospheres. Photoionization is known
to play an essential role in the propagation of
sparks, lightning, and other types of discharges.
It is important for the atomic theorist to be able to
make accurate g priori calculations of atomic pho-
toionization cross sections. When accurate exper-
imental cross sections exist, the calculations serve
as a test of atomic theories and methods of calcu-
lation.

The photoionization cross sections of atomic ni-
trogen and atomic oxygen for incident radiation
from threshold (=900 A) down to 10 A are calcula-

ted. These particular cross sections are impor-
tant in the interpretation of solar-terrestrial ef-
fects. They have been calculated by Dalgarno and
Parkinson, ' Bates and Seaton, McGuire, Thomas
and Hel. liwell, Kahler, and Henry, using the
Hartree-Fock approach. In contrast to this ap-
proach, the present calculations are based upon
the independent-particle model (IPM) of the atom.
In comparison to Hartree-Fock-Slater calcul. ations
and to experiment, a simple two-parameter IPM
potential has been found to provide a good repre-
sentation of atoms and electron-atom interac-
tions. v ' The potential for an electron in a neu-
tral atom may be written (in atomic units)7

where d and H are adjustable parameters. This


