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The time dependences of the ion wall currents in a 76 °K helium afterglow were measured
with a quadrupole mass-filter system. The species observed were He*, He,", He;", He,*, and
metastable atoms. The results of the present work are a zero-field mobility, u,(He*), of 14.4
£0.3cm?V-lsec™!, and a three-body conversion frequency of He* into He,* of (1.44+0.14) %1073
x N* sec", where N is the density in atoms/cm®. The diffusion coefficient that describes the
late~time behavior of He;* was found to be 95.3 +8.6cm?sec™ Torr. The metastable helium
atoms at 76 °K were found to have a diffusion coefficient given by D,p, =146 cm?sec™! Torr.
Evidence is presented for the presence of helium negative ions in the 76 °K helium afterglow.

INTRODUCTION

In the field of gaseous electronics the gas that
has been most extensively studied is helium. This
has occurred because it was quite naturally as-
sumed, at least initially, that no ion complexes
would form. However, it has been known for some
time that He," is formed quite readily. Recently
He;* and He," have been shown to exist in 300 °K
helium afterglow plasmas.®

The prime intent of this work is the study of he-
lium molecular complexes and, in particular, their
formation and transport properties. It is therefore
most expedient to investigate a low-temperature
(76 °K) helium afterglow, where formation of He,"
and He,' is faster than at 300 °K. In particular,
the species observed at 76 °K are He*, He,*, Hey",
He,*, and metastable atoms. The time behavior
of the ion wall current as measured with a quadru-
pole mass filter leads us to conclude that the he-
lium negative ion(He" and/or He,") is present in the
afterglow.

EXPERIMENTAL APPARATUS AND TECHNIQUES

The vacuum system was constructed of stainless
steel and glass. All valves were of the high-vac-
uum bakeable type. The entire system was baked
at 300 °K for 24 h in order to obtain a base vacuum
of 10 Torr.

The discharge tube (not to scale) is shown in Fig,
1. After bakeout and upon admitting cataphoretical-
ly pure helium, impurities (C*, O*, and CO*) were
observed in the afterglow. To rectify this problem
it was found necessary to run a dc discharge (100
mA at 5 Torr initially) while pumping through the
mass-filter aperture. Eventually the discharge
extinguished itself at which time the remaining he-
lium was pumped out. This was done from three
to five times. The resultant sputtering of cathode
material coated the glass walls in the vicinity of

the cathode, thus covering up most of the impurities.

The final cleanup was done by running a pulsed dis-
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charge for about 8 h at 5 Torr (300 °K). Upon com-
pletion of this cleanup procedure no impurity ions
were observed. Tungsten, tantalum, nickel, and
molybdenum were each used as electrode materials, It
is important to mention that an acceptable impurity
level was obtained only with molybdenum electrodes.
The characteristic diffusion length A of the dis-
charge tube was 0.178 cm. The sampling aperture
was a 50-u-diam hole in 25- u-thick nickel sheet.

The mass analysis was performed with a quadru-
pole mass filter which operated at 4.7 MHz. The
rods were 5 cm long with an 7, of 0.25 cm. A
schematic of the mass-filter arrangement and out-
put counting circuitry is shown in Fig. 2. The mass
filter was differentially pumped. Two different
types of ion detectors were used. The first was a
14-stage Cu-Be dynode multiplier. This had a rel-
atively low gain, and consequently it was difficult
to count ions very late into the afterglow. However,
because of its high saturation current limitation
and relative insensitivity to photons and metastable
particles it was possible to count ions in the very
early afterglow. The second detector was a con-
tinuous surface channel multiplier. This had a
higher gain than the dynode structure, and conse-
quently it was possible to observe the ion decay fur-
ther into the afterglow. It was, however, very
sensitive to photons and metastables, and hence
there existed a “background” which had to be sub-
tracted from the total signal registered on the
counter. The background was obtained either by
reversing the polarity of G,, which was typically
biased at 50-200 V, or by making the mass filter
unstable to all ions. The high flux of metastables
and photons at very early times saturated the chan-
nel multiplier so that with this detector the very
early afterglow was inaccessible to observation.

It was typically possible to observe the decay of
the dominant ion, He;* at 76 °K, over 6-7 decades
of ion current (using the channel multiplier). How-
ever, because of saturation of the multiplier (and
counter) at early times it was necessary to mod-
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FIG. 1. The discharge
tube and electrode assem-

erate the ion current reaching the detector. This
was effected by increasing the mass-filter resolu-
tion (by changing the ratio of the rf to dc potentials
applied to the rods) in order to observe the early
afterglow decay. The resulting decrease in trans-
mission was done in three stages in order to fit
together the entire afterglow decay. For the dif-
ferent resolutions no energy discrimination in the
mass filter was observed. There was enough over-
lap between each of the three decay curves to ensure
continuity.

RESULTS

The ions detected in the afterglow at a tempera-
ture of 76 °K were He*, He,*, He;*, and He,*. Of
these ions, He," was a minority ion at all gas pres-
sures studied. In addition to the ion decay, the de-
cay of the atomic metastables was obtained from
the background signal. The pressure range of this
study was from p;=0.7 to 25 Torr, where p, is the
pressure reduced to 273 °K, i.e., p,=p(273 °K/

76 °K). It is imperative to mention that all the mea-
surements have been done with afterglows of 3He,
‘He, and mixtures of the two. As a result of these
isotope studies it is believed there were no im-
purity ion effects in the results presented here.

Typical afterglow measurements at two pressures
are shown in Figs. 3 and 4. The decay curves for
He," are not shown in these figures because these
ions had the same time dependence as He*., As
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shown in the figures He;* was the dominant ion at
late afterglow times. An analysis of the different
ion species is given below.

He*

At low pressures the majority of the observed He*
ions were produced only during the discharge pulse.
At higher pressure they were also produced during
the afterglow period by atomic metastable colli-
sions. The loss of the He* ions from the plasma
at low pressures (p,<3 Torr) is governed by dif-
fusion to the walls and conversion to He,* via the
reaction

He'+ 2He ~He,"+ He . (1)

The late time dependence of He* under these con-
ditions should be exponential and given by

[He']=[He"], e*'", @)

where

1/7=D,/A%+ Cp . (3)

Here D, is the electron-ion ambipolar diffusion co-
efficient of He* and v,,,,= Cp,? is the conversion fre-
quency of process (1). It has been assumed here
that diffusion and conversion are the only relevant
loss processes, It has also been assumed that a
fundamental diffusion mode distribution exists,
where A is the characteristic diffusion length for
this mode.
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FIG. 2. The output counting circui-
try and pertinent dimensions of the
sampling system.
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FIG. 3. The afterglow decay curves for the background,
He,*, He*, and He;", at a reduced pressure of 1.81 Torr.

Since D,p, is a constant, at a given temperature,
a plot of p,/7 vs p,® should be linear. The intercept
at zero pressure gives the quantity D, p,/A% while
the slope gives the conversion constant C. Figure
5 shows the experimental plot of p,/T vs p,°. The
intercept gives a value for the diffusion coefficient
D, py of 144+ 3(2.2%) cm?® Torr sec™. The zero-
field mobility value obtained from the Einstein re-
lation (u/D=e/kT) for He* in He at 76 °K is
=14.410.3 cm? V! sec’!. The conversion frequen-
cy obtained from Fig. 5 is v ,,,=[180+18(9. 7%)]p2
sec™! (p, in Torr) or (in terms of the density N in
atoms/cm?®) v .= (1.44+0.14) X103'N? sec™!. The
errors given here and in Fig. 5 represent the stan-
dard deviation from a least-squares fit of the data
to a straight line. The lowest pressure data (p,
=0.7 and 1.0 Torr) in Fig. 5 were consistently be-
low the straight line. This may be indicative of
diffusion cooling.

At high pressures, the number of He* produced
during the discharge pulse decayed very rapidly
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because of process (1). However, as shown in Fig.
4, there was a significant amount of He" at p,=10.83
Torr. The density of He* at high pressure is indic-
ative of production by metastable-metastable reac-
tions

He™+He™ ~He*+ e+ He , 4)

and consequently the time decay of He" is governed
by the decay of He™. The experimental results of
He* at high pressures (p, >3 Torr) will be given

in the discussion of the metastable atoms.

He,"

As was found by Patterson? the diatomic molec-
ular ion is converted into the triatomic ion He;* via
the reaction

He,* + 2He — He;* + He. (5)

This reaction is faster than process (1) as evideuced
by the fact that He* and He," have the same time be-
havior in the afterglow at both high and low pres-
sures. Drift tube studies? have shown process (5)
and its inverse to be in equilibrium over a temper-
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FIG. 4. The afterglow decay curves for the background,
He'. He,", and He;", at a reduced pressure of 10. 83 Torr.
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FIG. 5. The effective decay frequency

of He* as a function of the reduced pres-
sure cubed (p,®). The errors represent
E standard deviations derived from a least-
squares fit of the data to a straight line.
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ature range of 135 to 200 °K. He,* and He;* are in
equilibrium at 300 °K as substantiated by afterglow
measurements.' 1f He," and Hey* were in equilib-
rium at 76 °K, the number of He,* relative to Heg',
calculated from Ref. 2, would be ~10°., The mea-
sured ratio was greater than 10-°, and the shapes
of the decay curves were different. Therefore,
He," and He,* were not in equilibrium at 76 °K, pre-
sumably because the diatomic molecular ions were
being produced by a combination of processes (1)
and (4).

He,*

The triatomic ion Hez* was the dominant ion at
late afterglow times as evidenced by Figs. 3 and 4.
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FIG. 6. The effective decay frequency of He;* as a

function of the reduced pressure (pg). The error repre-
sents the standard deviation from the mean.

The late-time behavior of Hes* was exponential. A
plot of p,/T vs p,, where T is the experimentally
determined time constant, is shown in Fig. 6. The
constancy of po/'r as a function of pressure shows
that diffusion is the dominant loss process at late
times. If the final decay is attributed to free dif-
fusion, the data in Fig. 6 yield a value of (19.2+1.7)
cm?V-! sec™! for the zero-field mobility of He,* in
helium at 76 °K. However, the behavior of He,*
leads us to believe that a helium negative ion is
present during the afterglow period. The reasons
are as follows:

(i) The range of the final experimental decay was,
in many instances, measured over four or five or-
ders of magnitude. The equipment used here had
essentially the same sensitivity as that used to mea-
sure the transition from electron-ion ambipolar
diffusion to free diffusion at 300 °K.® In the latter
study it was found that the final free decay was at
most over two orders of magnitude. It can be
shown that the self-field of the ions [for #_= 0, E
=(e/ey7) fo' n,7 drin a cylindrical geometry]will pre-
vent an exponential time decay if 7,2 10* cm™.

(ii) To clarify the following discussion Fig. 7
has been constructed to illustrate the general fea-
tures of the transition out of electron - positive-ion
ambipolar diffusion with and without negative ions.
Figure 7 is a “schematic” picture based on both
theory and experiment.3-% It has been assumed in
constructing this picture that the diffusion coeffi-
cient of the negative ions is approximately equal to
that of the dominant positive ions. The exact shapes
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FIG. 7. A schematic picture illustrating the transition
from electron—positive-ion ambipolardiffusion with and
without negative ions. It has been assumed that the dif-
fusion coefficient of the negative ion is approximately
equal to that of the positive ion.

of the curves depends on the container size, the
diffusion coefficients of the positive and negative
ions, the formation and destruction rates of the
negative ions, recombination of negative and posi-
tive particles, and the effect of there being more
than one type of positive ion present.

The time dependence of the He;* ion wall current
has the same general features as the dominant ion
wall current when negative ions are present.* The
characteristics of a decay with negative ions pres-
ent are (a) a region of electron-ion ambipolar dif-

fusion, (b) a fast transition (tonegative-ion — positive-

ion ambipolar diffusion) which results in a sudden
drop of the wall current by approximately a factor
of 2 (if the diffusion coefficient of the negative ion
D_ is approximately equal to that of the dominant
positive ion D,), and {¢) an increase (or at least a
tendency to increase) in the wall current following
the transition. This increase has been ascribed to
a redistribution of the density to a fundamental dif-
fusion mode.?

The behavior of the He,* ion current shown in
Figs. 3 and 4 agrees with these predictions. (The

HELIUM IONS AT 76 °K: ... 2031

transition in Fig. 4 occurs at approximately 8
msec.)

Within the scatter of the measurements p, /T could
be attributed to free diffusion and/or positive-ion —
negative-ion ambipolar diffusion, since D, [D,
=2D,D_/(D,+D_))] would be approximately equal to
D, if D_=D,. Clearly, the only conclusive proof
for the existence of a helium negative ion in the
76 °K helium afterglow would be its detection with
the mass filter. No negative ions were detected.

It was necessary to apply an extraction voltage to
G, to reduce space charge in the vicinity of the
aperture to allow transmission of ions. Since He-
is only bound with 80 mV it is plausible that it was
broken up because of collisions with the neutral
gas in the neighborhood of the aperture.

It is important to note that the atomic helium
negative ion has a finite lifetime’ (it can spontane-
ously emit an electron). Consequently, when the
plasma enters the negative-ion - positive-ion ambi-
polar diffusion regime (the electrons have left the
volume) there is no longer negative-ion formation
and the latter decay via diffusion and spontaneous
emission of an electron. As the negative ions break
up, the detached electrons rapidly leave the volume
and consequently a large volume electric field de-
velops due to the “excess” positive space charge.
This increased space charge field can account for
all or part of the increased positive-ion wall cur-
rent. (In Fig. 4 the He," wall current does increase
while that of He;* shows an inflection.) Whether a
specific positive-ion wall current shows a maximum
or inflection depends in a rather critical fashion
on the rate equations.

He,"

The He,* ion is present in the helium afterglow
at both room temperature! and at 76 °K. The time
behavior of this ion at a gas temperature of 76 °K
is shown in Figs. 3 and 4. Because of the relatively
small amounts of He," and the fact that the transi-
tion occurs early in time, the diffusion coefficient
could not be measured. It is not clear at this time
how He," is produced. If it is produced by the re-
action He;"+2 He—~ He," + He, then the conversion
frequency for this reaction must be less than 1.5
x10°%N? sec™!. This higher limit was obtained from
Fig. 6, which shows that the maximum contribution
from the latter process for the highest pressure
used (p =25 Torr) would be at most the uncertainty
in the average value of py/7.

As previously indicated, it was not possible under
the conditions of the present work to make any quan-
titative measurements concerning He,*. However,
it is necessary to discuss certain experimental
observations and to make some speculations con-
cerning this ion.

Just before the transition out of electron-ion
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ambipolar diffusion at 76 °K and (in some work per-
formed as a supplement to this experiment) at 300
°K there was a very small range of He,* current
that consistently indicated that the zero-field mo-
bility of He," is approximately that of He*. The
range was too small to place any reliance on an
estimate of the actual value.

At the early times in the 76 °K afterglow the He,*
wall current decayed rapidly and nonexponentially.
This behavior can be indicative of recombination.
Since He," was a minority ion, it is not clear ex-
actly what type of behavior is to be expected.

As inferred from the measured ion wall currents,
the ratio He,*/He,* is less at 76 °K than at 300 °K.
This may be due to the fact that at 300 °K under the
conditions of the experiment in Ref. 1 the dominant
loss mechanism was diffusion. In this work the
dominant ion loss at early times, at least for He,*,
appears to have been recombination. It is also
possible that the above ratio is less at 76 °K than
at 300 °K because of an activation energy in some
stage of the kinetics of the He,* formation. This
effect is, for example, known to occur in the for-
mation of He,(Z}).?

ATOMIC METASTABLE ATOMS

The curve labeled background, shown in Figs.
3 and 4, was obtained when the mass spectrometer
was made unstable to charged particles. At 300 °K
this wall current at late times was shown to be pro-
portional to the density of the molecular meta-
stables. 1© At 76 °K we propose that the final decay
is due to atomic metastables. This proposal is
based in part on the work of Ref. 9. The decay of
this background is exponential at late times. A
plot of p,/T vs p, is shown in Fig. 8. The value
obtained for D, p, is 146 cm® sec™ Torr, where D,
is the diffusion coefficient of the atomic metastables.

At high pressures (p,>3 Torr) the time depen-
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dence of He* is governed by metastable-metastable
collisions [process (4)]. If the dominant loss rate
of He™ is by diffusion, then, since the diffusion loss
of He™ is much slower than the conversion of He*
into He,*, He* decays exponentially with a time con-
stant given by 7=A%/ 2D,,. A few data points obtained
from the decay of He* are shown in Fig. 8. The
agreement between the two measurements indicates
that process (4) is important at 76 °K and that the
final experimental decay of the background is due
to the atomic metastable atoms.

DISCUSSION

The zero-field mobility of He* at 76 °K obtained
from this study is po=14.420.3 cm? V™! sec!.
This value is considerably lower than the value of
16.21 0. 3 obtained by Patterson!! from drift tube
studies. The present results are in fair agreement
with the value of 13. 5 obtained by Chanin and
Biondi. 2 The three-body conversion frequency of
He* into He,® was found to be (1.44 +0.14) X10"!N2
sec™!., The value of (1.7+0.4)x10"*'N?2 sec™ ob-
tained in Ref. 2 overlaps that obtained here. If
one uses the value of the conversion coefficient ob-
tained by Phelps'® at 300 °K and the value obtained
here for 76 °K the temperature dependence can be
estimated to be ~7-%%, The temperature depen-
dence calculated by Smirnov!* was T =075,

The coefficient describing the diffusion of He;*
was found to be Dp,=95.3 +8.6 cm? sec™! Torr.
From these measurements it is not possible to
distinguish between free diffusion and ion-ion ambi-
polar diffusion. If the negative ion involved is He",
then because of its relatively short lifetime (T ~500
usec), the late-time decay, especially at high pres-
sure, is free diffusion. The zero-field mobility
obtained via the Einstein relation is 19.2+ 1.7 cm?
V! sec™! which is in agreement with the value of
18.0+0.3 cm? V™! sec™! from Ref. 11.

T T T T T T T

Dmpo =146 & |

P,/ (103 Torr sec™)

N W d O o
T T

-

s 1 n s 1

<p°/r > =4569+40

cm? sec 'Torr

"
i3
L]
]
o 0 emex
0
-

FIG. 8. The effective decay fre-
quency of the helium atomic me-
tastables as a function of the re-
duced pressure (pg). The error
represents the standard deviation
from the mean. The data indicated
by X’s are those obtained from the
decay of He* as explained in the
text.
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The diffusion of the atomic metastable particles
at 76 °K was found to be described by D, p,=146
cm? sec™! Torr. This is to be compared with the
value of (163 +8) cm? sec™ Torr of Ref. 15, which
was obtained by using a diffusion cross section of
46 X107'% cm?® (£5%) and Eq. (1) of that work.

The molecular ion He," was observed to have the
same time dependence as He*. This implies that
the conversion of He," into Heg* is much faster than
the conversion of He* into He,*. This finding is
consistent with the results of Ref. 2.

The complete behavior of the positive-ion wall
currents can be explained in a plausible fashion if
one assumes the presence of negative helium ions
in the afterglow. On the basis of Ref. 6, the atomic
structure of He", and the presence of atomic meta-
stable atoms in this work it is likely that the forma-
tion of the negative ions involves the atomic and/or
molecular metastable particles. No negative ions
were detected with the mass filter in the 76 °K after-
glow and consequently their presence must be con-
sidered as conjectural.

*Work supported by the U.S. Atomic Energy Commis-
sion.
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PHYSICAL REVIEW A

In recent years the utilization of “optical mixing”
spectroscopic techniques''?in laser light scattering
experiments has proved to be a successful method
for the investigation of the dynamical properties of
physical systems.** Very generally, the existence

VOLUME 4, NUMBER 5 NOVEMBER 1971

Intensity-Correlation Spectroscopy*

V. DegiorgioT and J. B. Lastovka}
Department of Physics and Center for Matevials Science and Engineeving,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 25 March 1971)

In recent years the utilization of “optical mixing” spectroscopic techniques in laser light
scattering experiments has proved to be a successful method for the investigation of the dy-
namical properties of physical systems. By illuminating a photosensitive detector with the
scattered light and measuring the spectrum or autocorrelation function of the resulting photo-
current, one can, in general, obtain the ensemble-average time dependence of specific collec-
tive excitations within the scattering medium. We present here a detailed quantitative analysis
of the statistical errors inherent in such measurements due to the stochastic nature of both
the scattering and photoemission processes. We determine the statistical errors on the opti-
cal-intensity correlation function as measured by two photocounting digital correlator models
and on the intensity spectrum as measured by a ‘“self-beat” optical mixing spectrometer.
From these errors and a generalized least-mean-squares fitting procedure we calculate the
uncertainty on the measured correlation time (linewidth) for the case of a Gaussian optical field
with an exponential intensity correlation function (a Lorentzian spectrum). Scaling relation-

ships are given which permit our numerical results to be applied to an arbitrary set of experi-
mental parameters.

I. INTRODUCTION of scattering can be attributed to the presence of

thermally excited collective and single-particle mo-
tions within the scattering medium.® Those normal
modes of motion which are coupled to the optical
dielectric susceptibility of the medium result in
index-of-refraction inhomogeneities that are the
source of the scattering. By considering the dy-



