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(3.26). Now, the lowest-order terms given by (3.29) are identical with the Hamiltonian obtained by Thel-
lung and Ziman in which the first term is the kinetic part of the phonon Hamiltonian, the second term is
the roton Hamiltonian, and the third term describes the interactions of phonons with rotons. The Hamil-
tonian Hp represents purely quantum-mechanical effects which cannot be obtained from the quantization
of the classical hydrodynamic equations. In addition, the Hamiltonian contains the two-particle potential
and hence the present formalism is much more related to the microscopic theory.
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The time dependence of the He® ion density has been studied during the decay period of plas-
mas produced in helium and helium containing 5 x 1072 % neon. The results show that during
the early afterglow period the time dependence of the Het density is determined by the He'
loss processes, while during the late afterglow period this time dependence may be governed
by He" production due to mutual collisions between triplet metastable helium atoms. The
experimental conditions for observing the influence of the He" production process on its decay

rate are discussed.

I. INTRODUCTION

The important role which metastable excited
particles may play as a source of ionization during
the decay period of a plasma has been recognized
for a long time. The occurrence of ionizing mu-
tual collisions between metastable helium par-
ticles was postulated by Biondi's? in 1951 to ex-
plain an increase in electron density during the
early afterglow period of a pure helium plasma.
He showed by irradiation of the afterglow that at
least part of the ionization during the early after-
glow period was due to the helium singlet meta-
stable atoms.

Phelps and Brown?® were the first to observe He+
and Hef mass spectrometrically during the helium
afterglow. The final decay rate of He% at a pres-
sure of 3 Torr was slower than that due to loss

processes. Gerber, et al.* observed the same
phenomenon for helium pressures larger than
about 4 Torr and mentioned that the deviation from
the expected behavior may be due to production of
He* by mutual collisions between metastable heli-
um atoms.

Recently, Collins and Hurt® reported electron
density, light emission, and absorption studies
during the decay period of a plasma produced in
helium at a pressure of 3 Torr. These authors
concluded from their studies that the production
of Het ions during the late afterglow period was
most probably caused by mutual collisions be-
tween He,(2°Z;}) metastable molecules. ®

The present paper describes mass-spectro-
metric studies of decaying plasmas produced in
helium and a helium-neon mixture. These studies
show that the decay rate of He* during the late
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afterglow period is governed by production of He+*
by mutual collisions between He(23S) metastable
atoms.

II. EXPERIMENTAL METHOD

The experimental tube used to study the time
dependence of the ions during the afterglow period
is shown in Fig. 1. It consists of a differentially
pumped mass spectrometer which samples ions
diffusing to the walls of the discharge tube. The
mass spectrometer used is of the electric-qua-
drupole type and has been described in detail
elsewhere.’

The discharge region is a glass cylinder with
metal end plates. One end plate is a molybdenum
electrode, while the other is made of Kovar metal
and contains a small hole (60-p diameter and 20-p
length) through which the ions effuse into the mass-
spectrometer region.

The gas-handling system is analogous to that
developed by Alpert.® The ultimate pressure was
about 10-° Torr following a system bakeout at
350°C for a period of 24 to 36 h. All research-
grade pure gases admitted to the discharge region
were purified by means of the cataphoretic seg-
regation method.® For the studies of plasmas
produced in gas mixtures each gas was separately
cataphoretically purified before mixing. The
final cleaning of the discharge region was achieved
by covering the discharge tube wall with a molyb-
denum layer obtained from sputtering the dis-
charge electrode. This cleaning process was con-
tinued until the impurity ion signal was less than
0.5% of that of the dominant ion. This condition
was necessary to achieve reproducibility of the
data. The gas pressure was measured by a
capacitance manometer which controlled a servo-
operated valve to maintain a constant preset pres-
sure in the discharge tube.
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FIG. 1. Plasma container with quadrupole mass-
spectrometer ion sampling.
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A block diagram of the measuring system is
shown in Fig. 2. The discharge was produced by
a high-voltage dc pulse applied between the dis-
charge tube electrodes. The ions passing through
the quadrupole mass spectrometer are detected
by a 14-stage ion multiplier. The resulting anode
pulses, each due to a single ion, are amplified by
a wideband amplifier and those above a minimum
pulse height are selected by a discriminator in
order to reduce the background count rate. The
pulses from the discriminator are then fed into
a multichannel scaler. The afterglow is divided
into 100 to 400 equal time intervals which have a
minimum duration of 25 pusec. As the multi-
channel scaler advances from channel to channel,
the numbers of pulses in the corresponding time
intervals in the afterglow are recorded in the
memory section. By accumulating the afterglow
counts for a sufficient number of afterglow repeti-
tions, a statistically significant number of counts
can be recorded in each channel of the memory.
This detection method is considerably faster than
the previous sampling method, which consisted of
a pulsed-ion multiplier, an RC integrating net-
work and an electrometer, and has also increased
the system sensitivity.

III. RELEVANT AFTERGLOW PROCESSES AND
THEORY

The most direct method to obtain information
about the production process of Het ions is the
measurement of the time dependence of the He+
number density under conditions where the pro-
duction process controls the decay rate. In order
to determine the production process and the ex-
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FIG. 2. Block diagram of measuring system.
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perimental conditions for which the decay rate

of He* is governed by its production due to mu-
tual collisions between metastable helium atoms
and/or molecules the rate equations for both the
metastable particles and the positive ions must be
solved. The experimental results then can be
compared with the predicted decay rates of He+
and the type of metastable particle responsible for
the production of He+* can be determined.

A. Helium

Phelps and Brown?® have derived the equations
describing the time dependence of the helium ions
and the helium metastable particles for experi-
mental conditions such that:

(1) He* ions are lost by ambipolar diffusion
towards the plasma container walls and by conver-
sion into He} ions by the process

He™ 4 2He ~ He, + He. (1)

(2) He* ions are produced by the ionization pro-
cess

M+M-~He +He+e, (2)

where M is an as yet unspecified metastable he-
lium particle.

(3) Het ions are lost by the ambipolar diffusion
process and are produced by process (1).

(4) The particles M are lost by diffusion towards
the walls and by linear volume processes, while
the loss due to process (2) has a negligible in-
fluence on the rate of disappearance of M.

(5) The production of Het ions by a process
analogous to process (2) is absent or negligible
and the loss of M due to inelastic collisions with
electrons can be neglected.

(6) The loss of Het+ and He} by recombination
with electrons has a negligible influence on the
rate of disappearance of these ions.

The continuity equations of the metastable par-
ticles and ions are then given by

OM(T, t)

~ . -
3 =D, V'M(F,t)- VdM(r,t), (3)
6”1(;’ t) _ 2 - - 2
N T Dalv nl(r, t) - vcnl(r, t)+ AM2(T, t), (4)
an,(T,t) - -
) - 2
L Da2V ng(F, 1) + ucnl(r).t) . (5)

Here, M, n,, and n, are the densities of meta-
stable helium particles, atomic ions, and molec-
ular ions, respectively; Dj, is the diffusion coef-
ficient of M, while D, is the ambipolar diffusion
coefficient; v; is the volume destruction frequency
of M, while v, is the frequency of conversion of

He* into He} by process (1); finally, gM? is the
rate of production of He+ ions by process (2).

The boundary condition of zero densities at the
plasma container walls results in the following
time dependences of the fundamental diffusion
modes®:

M(0, 1) = M(0, 0)e ™/ ™ ®)

-t/T -2t/ 7
1+Ae m

n,(0,2) = [,(0,0) - Ale (7

’

7,(0, 1) = [n,(0, 0) +Bn,(0, 0) —BC]e.t/‘r2

-t/ -2t
-B[n,(0,0)-A]e 1+B(C—A)e /Tm,
(8)
with 1/TM=Dm/A2+Vd, (9)
1/71=Da1/A2+VC , (10)
1/1-2=Da2/A2, (11)
_ABM2(0, 0) %
o _ABM(0,0)

The characteristic diffusion length A of the plasma
container is for a cylinder with radius R and
length L given by

1/A% = (2.4/R)?*+(n/L)? . (13)

The constant A appearing in the expressions (12)
depends on the shape of the plasma container and
is the coefficient of the fundamental mode in the
expansion in eigenfunctions of the square of the
fundamental mode distribution function of the
metastable particles. For a rectangular cylinder
A =0.63.1°

For a given value of A the values of 2p(/7,,,
P0/7T1, and pg/T9 determining the time depen-
dences of He" and He?, can be calculated using
published experimental data for the other quan-
tities. Figure 3 shows for A%2=0. 185 cm? the 2
po/Tm values for the metastable helium atoms
He(2S) and He(23S) and for the metastable mol-
ecule He,(2°Z). The values used for D,,pq and
Vg were those reported by Phelps. 11

The values

- 2 -1
Dalpo~430 cm?® Torr sec™,

- 2 -1
Da p0—650 cm?® Torr sec™,

2
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and v, =78 pO2 sec”! measured during the present
experiment were in agreement with previously

published data® and were used to calculate the val-

ues of p./7, and p_/T, as shown in Fig.3,

Figure 3 makes i? possible to determine the pres-

sure above which the final decay rate of Het is
determined by production due to process (2), i.e.,
the value of p such that po/ 7y >2pg/7,,. This
pressure depends on the type of metastable par-
ticle involved. For He,(2°%) the helium pressure
must be larger than 2. 2 Torr, while for He(23S)
a pressure larger than 3.1 Torr is required.
From Fig. 3 it also follows that it is unlikely that
He(2'S) metastable atoms are responsible for the
observed production of He* during the late after-
glow period. It appears thus that a measurement
of the time dependence of He* at a pressure suf-
ficiently above 3.1 Torr should make it possible
to decide if He,(23Z) or He(23S) is the source of
the production of Het.

B. Helium-Neon Mixture

The rate constants for the excitation transfer
process

M +Ne~He +Ne", (14)

where Ne* is an unspecified excited state of neon,
are considerably different for the different meta-
stable helium particles.'? Therefore, the study
of the He+ production process (2) in helium con-
taining a small concentration of neon atoms should
also give information about the identity of M.

The time dependence of the charged-particle
densities in helium-neon mixtures are influenced
by the following ion conversion processes!s;

He}+Ne—-Ne' +2He, (15)

Ne' +2He - (HeNe)++He, (16)
Ne® +He + Ne— Ne}, + He, (17)
(HeNe)" + Ne~ Ne; +He . (18)

These additional ion loss and production processes
as well as the additional loss process (14) for M
can be incorporated in the continuity equations of
these particles. The procedure is completely
analogous to that leading to the set of Eqs. (6)-(12)
and will be omitted here for the sake of brevity.
The values pg/7,,, po/T1, and pg/Ty relating to
M, He*, and He} are shown in Fig. 4 as a func-
tion of helium pressure for an admixed concentra-
tion of 5X10°3% neon. The sharp increase in
b0/ Ty is due to process (15) for which Oskam?!?
reported a rate constant of 1, 5x10°!° cm®sec™*
leading to a conversion frequency of 270 pgsec™
for the mixture used.** The po/T,, values for
He,(23%) and He(2%S) were calculated from data
reported by Phelps.'!»!2 The large difference in
the pg/ 1, values for these two different meta-
stable particles for pressures larger than 5 Torr
should make it easy to identify the metastable
helium particle responsible for the He+ production
during the later part of the afterglow period.

IV. RESULTS AND DISCUSSION

The discussion in the previous section gives
the experimental conditions under which the pro-
duction of Het due to mutual collisions between
metastable helium particles should be observed
for plasmas produced in both helium and helium
containing 5%1073% neon.

Figure 5 shows the time dependence of the He*
density in helium at a pressure of 5.8 Torr dur-
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b P/ Ty for the metastable
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ing the plasma decay period. The solid line tan-
gential to the early afterglow decay curve is the
exponential time dependence expected at this pres-
sure for Het loss by ambipolar diffusion and con-
version into Het ions (p/ 1, curve in Fig. 3). The
exponential decay of the He* density during the
later afterglow period has a p./7 value closely
equal to 2 py/7y,, of He(2%S) as shown in Fig. 3.
The py® terms in po/7, and p(/7y, given in Fig. 5
arise from the quadratic pressure dependences

of reaction (1) and of the three-body conversion
of He(23S) into He,(23%), respectively. The curve
shown in Fig. 5 and analogous curves measured
at different pressures show that the metastable
particle determining the temporal behavior, i.e.,
producing He+, during the later part of the decay
period is the He(2%S) metastable helium atom. If
the He,(2°Z) metastable molecule was the source
of He* production the value of 2 pg/ 7y, would have
been 50% larger than the value obtained from the
data shown in Fig. 5. This difference is certainly
outside the measuring accuracy.

The shape of the decay curve shown in Fig. 5
gives also a justification for neglecting the in-
fluence of process (2) on the loss rate of He(235)
atoms, since the time dependence of He* is an
exponential function of time during the late after-
glow period. The influence of including a BM?loss
term in Eq. (3) on the measured decay curve was
also calculated by assuming a reasonable value of
the initial electron density (10'* cm~8%). The re-
sult of the analysis was that the maximum influ~
ence on the He* decay rate at the beginning of the
afterglow period would only be about 3%, with de-
creasing influence at later times in the decay
period. 5

The results obtained in helium containing 5
X 10-3 % neon give further proof for the production
of He* due to mutual collisions between He(2°S)

metastable atoms, The experimental values of
po/ T relating to the decay rate of Hej, which were
equal to those of He*, during the later part of the
afterglow period are shown as a function of p,® in
Fig. 6. The solid lines represent the maximum
error limits of 2 pg/7,, for He(2%5) and Heg(2%%)
which follow from the limits reported by
Phelps.!%!! The experimental data are again con-
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FIG. 5. The time dependence of the He" density
during the decay period of a plasma produced in helium
at a pressure of 5.8 Torr and a gas temperature of
300°K. The final slope is 2py/7,, for He(2’S) metastable
atoms as shown in Fig. 3.



sistent with the production of He* by mutual col-
lisions between He(23S) atoms.

The present conclusions are clearly in dis-
agreement with the conclusion of Collins and Hurt,®
from their studies performed in pure helium at a
fixed pressure of 3 Torr, that the production of
He+ by He,(23Z) metastable molecules is respon-
sible for the time dependence of He* during the
late afterglow period. Their method of measure-
ment, however, is considerably less direct, since
the time dependence of He* had to be inferred
from atomic light emission intensity and electron-
density measurements. Moreover, the decay rate
of metastable particle densities, obtained from
light absorption studies, are not consistent with
the data reported by Phelps. !

Additional confirmation of the present results
are the mass-spectrometer studies of the helium
afterglow reported by Phelps and Brown.® These
authors could not explain the final decay rate of
the measured He* density, shown in Fig. 1 of
Ref. 3, since it was smaller than predicted by the
He* loss processes. Recently, Phelps'® pointed
out that the final He* decay rate, however, is in
perfect agreement with a decay rate controlled by
production of He+ by mutual collisions between
He(2%S) atoms.

Electron-density measurements have shown the
production of ions during the early part of the
helium afterglow.!? An analogous phenomenon
during the late afterglow period was never de-
tected during these studies. This can easily be
explained by considering the values of p,/ 7,
90/Ts, and 2 po/ Ty, for He(2%S) plotted in Fig. 3.
The density of electrons is equal to the sum of the
positive-ion densities, so that its time dependence
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is obtained by adding Eqs. (7) and (8). The ex-
ponential function corresponding to the smallest
po/ 7 value will determine the time dependence of
the electron density during the late afterglow peri-
od. This will, for small p( values, be pq /T,accord-
ing to Fig. 3, while for larger povaluespo/'rzdeter-
mines the fmal decay rate of the electron density.
Both time constants relate to loss processes of
ions, so that the effect of ionization by metastable
particles is not observable by measuring the elec-
tron density during the late afterglow period.
During the early afterglow period, however, the
number of He(2'S) and He(23S) metastable atoms
may be large enough to result in a production rate
of electrons by process (2) larger than the loss
rate of electrons by ambipolar diffusion. Then
the electron density will increase with time during
the early afterglow period. This type of electron-
density time dependence led Biondi'’ 2 to postulate
the production of He* by metastable helium atoms.
The previous discussion with respect to the in-
fluence of He+ production by metastable atoms on
the time dependence of the electron density during
the late afterglow period does not necessarily
hold for helium-neon mixtures. The processes
(15)-(18) convert ions having a small electron-
ion recombination coefficient (Het and Ne+) into an
ion having a large recombination coefficient (Ne3).
These conversion processes have rather large rate
coefficients, asis shown for Hej in Fig.4, and may
for appropriate experimental conditions result
for all ions in PO/T values related to ion-loss
processes larger than 2 by /T Under these con-
ditions the final decay rate ofmthe electron density
in helium-neon afterglows is determined by
2p0/ T,, in contrast with the electron-density de-
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cay in pure helium afterglows. A detailed study
of decaying plasmas produced in helium-neon
mixtures will be published elsewhere. "

V. CONCLUSIONS

Studies of the decay rate of He* ions during the
late afterglow period of plasmas produced in he-
lium and a helium-neon mixture have shown that
during this period the decay rate is controlled by
Het production due to mutual collisions between
He(23S) metastable atoms.

The analysis presented is in agreement with
previously reported studies of the time dependence
of the electron density during the decay period of

OSKAM 184

plasmas produced in helium.'>? Moreover, it ex-
plains the decay rate of Het ion density during the
later afterglow period as measured by Phelps and
Brown. 3'® The present results, however, are in
disagreement with the conclusion of Collins and
Hurt® that the production of He* during the later
afterglow period is due to mutual collisions be-
tween He,(2°Z) metastable helium molecules.
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