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section for C1~ and I" are in good agreement with
the theory.

One might also look at the I" photodetachment
cross-section measurements of Steiner.” We see
very good agreement between the experimental
shape and the calculated shape® of the cross section,
but a large disagreement (a factor of 2) in its ab-
solute magnitude.
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The electronic recombination coefficient of He; under thermalized conditions at 80 °K is

(38.4+1,.5)x 10~¢ cm® sec~!.

The electron-temperature dependence of this coefficient is

T;X (x)=1.22, 0,98<x<1,60, This is applicable when both the gas and ion temperatures
are near 80°K. The fragments of the recombination process have not been identified but the

results indicate dissociation into Hej +He.

I. INTRODUCTION

Recently, Patterson® identified in a drift tube filled
with helium an ion which had the following proper-
ties: (i) a dissociation energy of 0. 172 eV; (ii)
formation from Hej; with a rate coefficient greater
than 1, 7x107* cm®sec™ at 76 °K; and (iii) stability
at gas temperatures <200 °K, These observations

suggested that the ion in question was the triatomic
ion Hej. Subsequently, a mass-12 ion was observed
in a “relatively clean” 80 °K helium flowing after-
glow plasma by Ferguson et al.? Later, deVries
and Oskam® conclusively showed by isotope studies
in a cataphoretically pure helium afterglow that

‘Hej (A =12) and *Hej (A = 16) are both stable at
temperatures near 80 °K, At the present time the
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molecular structures of Hej and Hej are not known,

This study is concerned with an experimental
determination of the rate at which free electrons
recombine with Hej. The study was performed with
gas and ion temperatures near 80 °K and electron
temperatures between 80 and 300 °K. The electron
temperature 7, was elevated above the gas tempera-
ture by application of a moderately intense micro-
wave field. The recombination coefficient was de-
duced from measurements of the electron density
measured by conventional microwave (low power)
transmission techniques., At low values of gas
pressure, mass analysis (including isotope studies)
was used to determine the relative concentrations
of He*, He;, He;, and Hej,

Microwave studies of afterglow helium plasmas
with gas temperatures near 80 and 4 °K were pre-
viously reported by Kaplafka ef al.* and Goldan et
al.’ Our observations are consistent with these
previous studies but our interpretation of the ob-
served phenomena differs from theirs substantially.

II. EXPERIMENTAL APPARATUS

The plasma was formed in a quartz discharge
tube (8 mm i.d. and 60 cm in length) which was lo-
cated in a U-shaped section of H-band (2.85 cm
x1.26 cm i.d.) waveguide. This assembly could
be placed in a Dewar filled with liquid N,, Tantalum
electrodes were fastened to the discharge tube by
glass side tubes located near each end of the dis-
charge tube. The electrode side tubes protruded
through 4-mm-diam holes in the center plane of
the broad wall of the waveguide. These side tubes
were sealed to the metal walls of the guide with
silicone rubber adhesive to prevent liquid N, from
entering the waveguide. The section of waveguide
located in the liquid N, was flushed with helium and
pressurized to prevent condensation of water vapor
on the walls of the guide and discharge tube,

The discharge tube was evacuated by means of
a conventional stainless-steel and glass vacuum
system equipped with an oil diffusion pump and
bakeable to 300 °K. The tantalum electrodes were
outgassed under vacuum with a high-power rf field,
The base vacuum, measured near the discharge
tube, was typically 10™® Torr while connected to
the pumping station and when disconnected increased
with an initial rate of about 1078 Torr /h attaining
a final pressure of ~2x10~® Torr after several
hours. The evacuated discharge tube was filled
with cataphoretically pure helium and the pressure
was measured with a calibrated Baratron capaci-
tance manometer.

Optical radiation from the plasma was transmitted
to a grating spectrometer by fiber light pipes. The
atomic line and molecular band radiation was de-
tected with fast photomultipliers and the temporally
resolved photon count was recorded with a multi-
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channel analyzer. This sensitive detection system
could resolve several individual lines and bands
for times up to several milliseconds into the after-
glow.

The microwave system which was used to heat
the free electrons and diagnose the electronic prop-
erties of the plasma is illustrated in Fig. 1. The
sensing microwave signal, frequency f,, was of
sufficiently low power (~10 pW) to cause negligible
heating of the free electrons.® The frequency of this
microwave field was typically 8. 3 GHz but several
frequencies from 8.1 to 10.0 GHz were used to de-
termine reliability and also to search for possible
systematic errors in the measurements., The am-
plitude of the heating signal (frequency f,, nominally
9.0 GHz ) wasvariable to a maximum value of 130 mW
(peak electric field of 8.22 V/cm).

The phase shift and attenuation of the sensing
microwave signal as it traversed the plasma was
measured by conventional microwave interferom-
eter techniques.”® The measurement requires
setting AR and A® to obtain a null reading on the
slotted line detector and noting the change in each
due to introduction of the plasma. The phase shift
was, in practice, measured by movement of the
micrometer drive slotted line detector rather than
the calibrated phase shifter. This practice was
followed because phase shifters introduce an inser-
tion loss in the system which varies slightly with
setting and thus prevents measurement of absorp-
tivity of the plasma to the desired accuracy. The
stub tuners on each side of the slotted line were
positioned to minimize reflections in this section
of waveguide.

The phase shift A® and attenuation AdB of the
sensing wave as it traverses the section of wave-
guide containing the plasma are functions of the
free-electron density N,, the electron-collision fre-
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FIG. 1. Microwave system used in this study. The
discharge tube was located in a U-shaped section of wave-
guide which could be completely submerged in the liquid
nitrogen filled Dewar.
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quency for momentum transfer v and the velocity
distribution function of the free electrons. The re-
lationships have been derived previously® but to the
knowledge of the authors they do not appear in open
literature in the form used here. For this reason
their derivation is outlined in the Appendix and the
results are given by

- 1
D,=41.4 AdB f, 225, (1)
2 .2 0 -~ 2
N,= E’.EZOAAEHA_q’_ 1+<_Vz) ] , 2)
£e®x,,1 360 w,

where 7, is an effective electron-collision frequen-
cy,!® wy=21f,, A\,=c/f,, and all other symbols are
defined in the Appendix. The effective collision
frequency 7, for helium is given by Eq. (A3) in the
Appendix. The collision frequency for momentum
transfer is defined by

v=[ QNVF(V)d%V , ®)

where N is the gas density. If the cross section

Q is assumed constant and equal to 5.6x107'¢ cm? !
an effective electron temperature is obtained using
Eq. (3) and the relationship between v and 7, [Eq.
(A3)]. Thus, if 7, <w,

T¥=2.95x107'% (5, /p)? [1+0.124 (9, / w)?]?°K,
4)

where p is the background gas pressure in Torr,

A Maxwellian velocity distribution at a temperature
T* was assumed in arriving at Eq. (4). Measured
values of 7, were substituted into the equation to
evaluate the electron temperature T, both with and
without a heating microwave field, The estimated
accuracy of this measurement will be discussed in
some detail in Sec. VI.

When an ionized gas is subjected to a microwave
field, the velocity distribution and the average en-
ergy of the free electrons are altered. Margenau®
showed that the increase in temperature AT, for a
field strength E is given by

2 (M) (eEY
ATGZ Ek:- (m) <7> fOI‘ AT¢ < T‘ » (5)

where M is the molecular weight of the gas. Equa-
tion (5) was derived under conditions of w > p and
the absence of inelastic collisions. Margenau also
showed that the distribution function remains es-
sentially Maxwellian if the field strength is suffi-
ciently weak to satisfy AT, < T,. Frommhold et
al.'? extended Margenau’s analysis for the case
AT,>T, and Q(V)=const. It was shown that in this
case, the distribution function remains close to
Maxwellian for AT, less than several 7,. Fromm-
hold et al. modified Eq. (5) by including a multi-
plicative factor F(Z), where

Z=(w?m /NQeE) (3m /M)M?

Their tabulated values of F(Z) indicate that under
the conditions of this experiment F(Z) is equal to
0.8 or greater,

A block diagram of the electrical circuitry is il-
lustrated in Fig. 2. The master generator was used
to initiate a periodic discharge at a predetermined
rate (usually 30 cps). The discharge pulse was
nominally 20 kV in amplitude and 2 usec wide. The
results reported here are independent of either of
these parameters or on the discharge repetition
rate,

The plasma was also mass analyzed with a quad-
rupole mass filter by observing the ion currents
through a small hcle in the wall of the discharge
tube. Ion counts as a function of time in the after-
glow were recorded with a multichannel analyzer
operated in the multiscaling mode. Due to the com-
plexity of both the microwave circuitry and the
mass spectrometer, it was not possible to make
simultaneous measurements or even measurements
on the same discharge tube. Thus, there is some
question concerning direct temporal comparison of
the microwave and mass spectrometer results be-
cause the initial plasma in the discharge tubes may
not be the same. Only those mass spectrometer
results which are applicable to this study will be
mentioned here.

III. PHENOMENOLOGICAL DISCUSSION OF OBSERVATIONS

All observations were made during the afterglow
period and at times greater than the time required
for T, to fall to near 80 °K (as indicated by the col-
lision frequency measurements). Microwave in-
terferometric measurements and observations of
optical radiation from the plasma yielded results
typified by the illustrations in Fig. 3. These re-
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FIG. 3. General behavior of the plasma parameters

with pulsed and continuous microwave heating. The dashed
lines indicate the behavior with application of continuous
microwave heating. The solid lines indicate the behaviors
when both pulsed heating or no heating wave is incident on
the plasma. Steady-state behavior is regained upon ter-
mination of the heating wave in a few tenths of a micro-
second.

sults are essentially the same as observed pre-
viously by Kaplafka et al.* and in part by Goldan
et al.® The phenomenon with which this study is
most concerned is the rapid rise of N, following
application of the heating wave and the rapid de-
crease of N, when the heating wave is suddenly
terminated. The percent change of N, increased
monotonically with increased microwave heating
power. Following the transient (¢£>>¢,), the elec-
tron density is identical to the value of N, (¢) at-
tained when a heating wave of equal intensity is op-
erated continuously. Upon termination of the heat-
ing wave at /=¢{,, the value of N, falls to its non-
heated value in a few tenths of a microsecond.

Molecular band radiation dominated the plasma
emission at all times except during the very early
afterglow. Atomic radiation from principal quan-
tum levels greater than n =4 was essentially ab-
sent after the first few hundred microseconds of
the afterglow period. Insofar as this study is con-
cerned, the most essential aspect of the optical
emission was the observation that the intensity of
a given band, or atomic line, was the same with
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continuous microwave heating as it was in the ab-
sence of heating. When a pulsed heating wave was
applied, the intensity, after the initial transient,
was independent of the level of heating and equal to
the intensity when no heating wave was applied.

Kaplafka et al.* concluded that the increase in N,
following application of a heating wave could be at-
tributed to a T,-dependent source term for free
electrons, Without going into details, we contend
that this conclusion is not entirely consistent with
the observations. In Sec. IV a model is discussed
which includes a T,-independent source term for
free electrons but a loss term which is inversely
dependent on 7,. While absolute proof of the pres-
ent model is lacking, we show that it is consistent
with our observations in every respect. It is then
shown that quantitative measurement of the recom-
bination loss term is possible by observation of the
phenomena discussed above, and thus we arrive at
a value for the electron-ion recombination coeffi-
cient. Under proper conditions this recombination
coefficient can be assigned to Hej.

IV. PLASMA MODEL

The continuity equations for electrons, metasta-
ble atoms, He*, Hej, and He} are listed in Egs. (6),

‘;—7‘ =-N, Z; ay [He:]
- %, %4 (Hei]+ s 8 [MF (6a)
AM) - gy apt )
- 24 MM, T,y [Hey],  (6D)
ARl 24 el o (P
"kx.bz [He’] - a;N, (He'] , (6c)
U] - _ Dgt (mes) o0 [He)
- kzpz [He;] - azNg [HeE] ’ (Gd)
ARG - _ D5 (1) oy ]
- a3 N, [Hej]+l1oss. (6€)

The [ ] are used to indicate densities of the quantity
specified by the enclosed symbol; M represents
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atomic metastables; p is gas pressure; D,; is am-
bipolar diffusion coefficient of ion Z; A is the char-
acteristic diffusion length (fundamental mode is as-
sumed); a; is the recombination coefficient of ion
i; and A, B, k,, and &k, are appropriate conversion
rates. The last term on the right-hand side of Eq.
(6b) is included to account for recycling (that is,
metastable atoms produced by the recombination
process). The f; coefficients are the fraction of ith-
type ions which terminate as atomic metastables
when they recombine. The loss term in Eq. (6e)
is included to account for collisional destruction of
He;. Accepted values for several of the coeffi-
cients used in Eqs. (6) are listed in Table I along
with appropriate references. The listed references
should not be construed as complete but only rep-
resentative,

The time constant for conversion of He* to Hej
at 80 °K is

(2,p%)"'=3.8x107*p 2 sec

or less than 4x107® sec for p greater than 10 Torr,
The time constant for subsequent conversion to Hej
is less than this vailue.! The relative densities of
He} and He} can be estimated by assuming that Eq.
(6e) is in a quasisteady state. At gas pressures of
a few Torr or more and N, typical of the values at-
tained in this investigation, the recombination loss
of Hej was found to be much larger than the diffusive
loss. Thus,

[Het)/ [Heb]~k,p%/ a3 N, >6.6x 108N p? ;

at N,=10" cm™3% p=10 Torr, this ratio is greater
than 6. The recombination coefficient used in this
evaluation is the value determined in this study.
Confirmation of the relative concentrations of Hej
and He} by mass spectroscopy at a pressure of 10
Torr and higher is complicated by possible break
up of the marginally bound He} as it passes through
the sampling hole. On the spectrometer side of the
sampling hole, the gas density is relatively high and
the ions are accelerated by an applied electric field.
Consequently, collisional destruction of marginally

bound ions may be significant when the gas pressure
in the discharge vessel is high. Mass spectroscopy
results were obtained which indicate that [He}]/
[He3] > 1 for ¢>700 psec (time referenced with re-
spect to initiation of the discharge) and p >10 Torr,
but the exact value of this ratio varies with the time
in the afterglow. The quasisteady state concentration
ratio evaluated above using the previously deter-
mined value® for %, is used as the principal argu-
ment that Hej is the dominant ion at high gas pres-
sure,

Considering each term in Eqs. (6a) and (6b), and
retaining only the dominant terms, these two equa-
tions reduce approximately to the following (under
the conditions of this experiment A%=0.0276 cm?,
N,>10° cm™%, M>5x10" cm~3):

dN,

T =N, = —a*N:+3B[M]?, (7a)
d[M D
= —BMP-TH (M), ()
where

a*NZ=N, 2, a, [He/].

Neglect of ambipolar diffusion compared to recom-
bination is justified by the results of this study.
The production of atomic metastables M via the re-
combination processes is neglected because they
will result mainly from recombination of atomic
ions He* and this represents a negligible fraction
of the net recombination. Dissociative recombina-
tion of He} can lead to an atomic metastable but
the cross section for this recombination is believed
to be negligible. Dissociative recombination of
Hej could lead to either an atomic or a molecular
metastable state. The fraction of these events
which terminate to atomic metastables is believed
to be small by the results of this study. This will
be discussed in Sec. VI.

The additional plasma condition most favorable
to a study of e —~ Hegrecombination would be a negli-

TABLE I, Relevant coefficients.
T,=300 °K T,=77°K
Value Reference Value Reference

B 2% 10-% cm3sec-! 13

A 0.2 sec-! Torr™ 13 3x107% sec™! Torr™2 13
D,P 500 cm’sec-! 14 42 cm®sec! 14
Dyyp 225(1 +T,/T,) cm’sec™! 15 22,9(1+7,/T,) cm’sec™! 15
Dy 353(1 +T,/T,) cm?sec™? 15 23.6(1+7T,/T,) cm’sec™! 15
Dysp 25.6(1+T,/T,) cm’?sec™! 15
ky 1.087% ecmfsec-! 16 1.7%107% ombsec-! 1
ky >1,7x10-31 cm® sec™! 1
oy (N, T,) 17

) (N, p) 18
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gible source term in Eq. (7a), :R[M]?. However, due
to the extremely long lifetime of helium metastable at-
oms, this condition could not be obtained experi-
mentally. In spite of this we will show that a* can
be deduced by observing changes in N, which re-
sult from alterations in the value of a* (via T,).
This is most easily illustrated by making the addi-
tional (although not necessary) assumption that Eq.
(7a) is essentially in a quasisteady state (gss) (i.e.,
a*Ni~ 3 B[MPE=S>N,). I this case, if a* is
suddenly decreased, N, will increase until the
right-hand side of Eq. (7a) is again balanced. If
a* is subsequently increased back to its original
value, then N, will return to the same value it
would have attained had a* not been altered. This
behavior is similar to that depicted in Fig. 3 which
can be explained with the above model simply by
assuming that S is independent of 7, and that a* is
inversely dependent on 7¥. Both of these assump-
tions are not only plausible but are probable. Thus,
considering Fig. 3, the increase in Ne at t=1] is
indicative of the decrease in a* at ¢ =¢, and the de-
crease in NG (t:t;) is indicative of the increase in
a*at t=t,

The temporal behavior of the electron density at
t >t,, t,can be obtained from the solution of Eqs.
(7) if qss is assumed. In order to illustrate this,
let @y and «, represent a* at the electron tempera-
tures T,y and T,,, respectively (where 7T,, is the
elevated electron temperature during microwave
heating). Referring to Fig. 3, let N,,(¢) repre-
sent N,(t) when no microwave heating is applied
and let N,,(f) represent N, (¢) when continuous heat-
ing is applied. Consider the case where microwave
heating is suddenly applied at £=#,. Assume that
T, increases instantaneously and that S is constant
during the subsequent rise in N,. Solution of Eq.
(7a) yields

N, (£) =N, (t) tanh[:!a,,Ne,,(tl) (t-1,)

+imn (Nm(tl)+N“(tl)>] 6a
N ) =N @) (82)
which has the form of the observed N, (f). A simi-

lar solution for N, () following removal of the heat-
ing wave at time ¢, is

N, (t) =N, (£,) coth [ZaoNeo (t,) (t—t5)

1 ‘AV (t )+N (t)
hin (i ms ) | (80)

Equations (8) imply application of the gss conditions
[i.e., S(t)=ayN,o(t)=a,N,,(t)]. Solutions similar
to Eqs. (8) can be obtained without using the gss
condition but a simple solution does require that S
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be time independent. A curve fitting procedure is
used with the experimental data and Eqs. (8) to
evaluate o, and «a,.

The recombination coefficients @, and o, can
also be related to the initial time rate of change
of N, at ¢ =¢] and ¢ =¢; without any assumption con-
cerning gss. Thus Eqs. (7a) and (7b) yield the fol-
lowing if S is independent of both T, and prior plas-
ma behavior:

N, (#)) = Nyo (8)) = ag Njy (8) = an N (1)), (92)
Ne (t;)—jveh (tl)=ah[Nezh(t1)_Nezo(tl)]’ (9b)
N, (t5) = Nyo (t) = = ao [N () - N& (15)]. (9¢)

Only initial values of experimental slopes [i.e.,

N, (#}) and N, (#3)] are required to evaluate a, and
a,. In practice, initial slopes derived from experi-
mental results will be systematically underesti-
mated. However, iteration with the aid of Egs.

(8a) and (8b) can be used to minimize the error in
the resulting o and a,.

It is shown below that the qss condition is indeed
satisfied to a good approximation over a wide range
of parameters in the plasma discussed here. When
this condition is satisfied, the electron density is
controlled by the metastable density and decreases
in accordance with [M] as specified by Eq. (7b).

At sufficiently high gas pressure and at early times
in the afterglow when the metastable concentration
is high, the diffusive loss of metastable atoms can
be neglected and [M] decays according to Eq. (10a);

(M) = [Mo] " 4t . (10a)

If the gss condition is satisfied the electron density
will decay according to Eq. (10b);

1/N,($)=1/N,(t=0)+(2a*pt)"/? . (10b)
Use of Eq. (10b) and B of Table I with the experi-
mental data yields a*,

Caution should be employed with the application
of Eq. (10b) to experimental data since it requires
applicability of the qss condition. The observation
that N ;' (¢) increases linearly with time over a finite
time interval is a necessary condition for gss but
this observation alone is not sufficient to show that
gss is applicable, This type of data should be used
only sparingly as a means to evaluate a*, but it
does afford a consistency check on the plasma mod-
el. Another consistency check on the gss condition
requires evaluation of a* by means of Eqs. (10)
with a continuous microwave heating signal incident
on the plasma. This yields a, from the slope of
N;'(¢) which can be compared with a, from the
slope of N;j(¢). The gss condition requires that

ao/aﬁ [Neh(t)/NeO(t)]a

since S is the same in both cases.
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FIG. 4. Illustration of the rapid rise in N, when a
microwave field is incident on the plasma at 1000 psec
and the rapid fall when a microwave field is suddenly ter-
minated at 1000 usec. The background gas pressure was
30 Torr and T, during heating was 175°K. Typical varia-
tions of the measured values were +2%.

V. RESULTS

Typical experimental data are illustrated in Figs.
4 and 5. Both sets of data are for 30-Torr gas
pressure at a gas temperature near 80 °K. The
electric field strength which was applied in each
case is indicated on the figures. The bars indi-
cated on the plots represent experimental scatter
only and do not include the systematic error of the
measurement. The observation that N (¢) in-
creased linearly with time is an indication that gss
is satisfied, but this alone is not sufficient proof
of the model since the range of N, is fairly small.
(See discussion in Sec. IV.)

TABLE II. Recombination coefficient for T,~ 80 °K.

Average Standard deviation
Reference (107% em®sec™) (107% cmsec-))
af?  Eq. (10) 2.69 0.22
al? Eq. (9a) 3.44 0.33
(9b)
af® Eq. (9¢) 3.33 0.30
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The experimentally measured effective recom-
bination coefficient at background gas pressures
up to 50 Torr and a gas temperature near 80 °K is
illustrated in Fig. 6. The data is divided into two
groups: p >15 Torr and p <15 Torr. The results
in the high-pressure group are independent of both
time in the afterglow (¢#>700 psec) and discharge
conditions (voltage, pulse width, and repetition
rate). The indicated values of a* were measured
by (i) the slope of N;!(¢) giving a} [see Egs. (10)];
(ii) rate of rise of N, upon application of microwave
heating giving a2 [see Eqs.(9a) and (9b)]; and (iii)
rate of decrease of N, upon termination of micro-
wave heating yielding a(‘,a’. The average values of
each are given in Table II. These values of o @
and o} were arrived at by the iterative procedure
discussed in Sec. IV. Typically, the iteration in-
creased a‘? by about 14% above that obtained using
the initial slope only and increased a ‘¥’ by about
31%.

Table II shows that (a‘?) and (@}’) are in excel-
lent agreement with each other but they do not over-
lap with (a(},) . This should not be surprising since
the expected accuracy of the B coefficient used in
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FIG. 5. Time variation of N;! for three different values
of continuous microwave heating. The gas pressure was
30 Torr. The deviation from linearity at the later times
is due to non-negligible diffusive loss of atomic metasta-
bles. The bars indicate typical scatter of data.
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FIG. 6. Electron-ion recombination coefficient as de-
termined at various gas pressures and a gas temperature
near 80°K. The values indicated for pressures less than
15 Torr were obtained at 1 msec in the afterglow. At
pressures greater than 15 Torr the measured values were
independent of time. The three symbols indicate methods
of measurement: triangle, x, dot, represent a$!, af?,
and asa), respectively. The average value of each is in-
dicated to the side of the dashed vertical line.

the analysis is no better than a factor of 2.'° The
fact that {(@‘}’) and (@ ‘®’) agree to within a factor
of 2 illustrates once again the consistency of the
proposed plasma model.

The recombination coefficient at elevated elec-
tron temperatures was measured by both pulsed
microwave heating [see Eq. (9b)] and continuous
heating [see Eq. (10)]. An example of the variation
of the measured recombination coefficient with 7,
is illustrated in Fig, 7. This set of data was ob-
tained from the slope of N!(¢) plots with variable
microwave heating power. The temperature indi-
cated on the graphs is the effective temperature
T* as given by Eq. (4). 1t is difficult to accurately
appraise the relation of T¥ to the true 7, but there
is reason to believe that they are nearly the same.
This will be further discussed in Sec. VI. The re-
sults illustrated in Fig. 7 indicate that

X
a=ao(~gg) , 0.98<x<1.60.
e

The main reason why the indicated range of x is so
large is due to large experimental variations in the
measured T,. Values of a for T, >80 °K were also
measured with pulsed microwave heating [see Eq.
(9b)] and the results are consistent with the above.

The ratio @,/ a, was also found to be consistent
with the qss condition for gas pressures above 5
Torr and at times less than typically 2 msec into
the afterglow. This was manifested by the consis-
tent near equality of the ratios

a,/ ag= [N, (t)/N,, ()]

This observation lends additional support for the
proposed plasma model.

The reason for the falloff of a* when the pres-
sure is decreased to below 15 Torr is difficult to
assess with confidence due to possible competing
effects. On the one hand, the concentration of Hej
at pressures less than 10 Torr cannot be neglected
in comparison with [He}] especially at early times
in the afterglow. On the other hand, at low gas
pressure it is difficult to determine that 7, is not
greater than 80 °K. Measurements of T at these
low pressures are complicated by appreciable re-
flection of the sensing microwaves by the plasma.
The method of measurement used here requires
that the reflection be negligible so that the insertion
loss can be equated with the absorption loss. Any
reflective loss that is not properly accounted for
will result in a value of 7} larger than 7,. Calcu-
lations indicate that even at these lower pressures,
T, should be near 80 °K but the microwave measure-
ments at low gas pressure were not sufficiently ac-
curate to show that this is definitely true. This
will be further discussed in Sec. VI.

Figure 8 illustrates a* at a gas pressure of 5
Torr as a function of time into the afterglow. The
error bars indicate reproducibility limits only and
do not include systematic error. The limits are

107 T T T

a(Te)= a(Te=80°K)(Tq /80)"22

RECOMBINATION COEFFICIENT (cm> sec™))
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FIG. 7. Effective electron-ion recombination coeffici-
ent as determined at various values of electron tempera-
ture. The gas pressure was 30 Torr, The bars repre-
sent maximum day-to-day scatter of data.
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FIG. 8. Time variation of the effective electron-ion
recombination coefficient as determined for a gas pres-
sure of 5 Torr. The value of the recombination coefficient
of Hej at 80 °K is indicated on the left. The bars repre-
sent maximum confidence limits. The symbols indicate
methods of measurement (see Fig. 6).

quite large especially at the later times when the
electron density and the associated phase shift are
small, At late times a* attains a value which is
not inconsistent with the recombination coefficient
of He;. Mass analysis of ions indicated that at 5
Torr and 700 psec, Hej~ He} while at 2 msec Hej
<« He;. Thus, the results illustrated in Fig. 8 are
consistent with the measured ion ratios if the re-
combination coefficient of Hej is less than that of
He3, a result which might be expected. However,
it is difficult to determine with conviction that the
decrease of a* at early times is not due to T,
greater than 80 °K. Figure 7 indicates that an ele-
vated T, could account for the measured value of
a* at 700 usec if T,~140°K. This is inconsistent
with our expectations, as is discussed in Sec. VI,
but it cannot be discounted with certainty.

Some ion loss-rate studies at very low pressure
did indicate that for p <0. 2 Torr, the electron
temperature was near 80 °K for times greater than
a few hundred microseconds. At this very low
pressure the rate of conversion of He* to Hej is
negligible compared to diffusion loss of He*; re-
combination loss is also negligible. Thus, the
rate of decay of He* is determined by ambipolar
diffusion and hence by 7,. Mass-analyzed ion-wall
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currents indicated that 7,=80+ 15 °K for ¢ >300
usec, and p =0, 2 Torr.

Observation of atomic line and molecular band
radiation from the plasma did not yield any addi-
tional quantitative information but its behavior did
give additional support for the proposed plasma
model. All band and line radiation behaved simi-
larly and will be referred to simply as light.
Atomic radiation from quantum levels greater than
4 was essentially absent, For purposes of illustra-
tion, consider a plasma in which the gss condition
is satisfied (when this is not the situation, the light
behaves somewhat differently but is still explain-
able by the model). When T, was suddenly in-
creased at t=¢,, the light level decreased to a rela-
tive minimum in a time less than the temporal
resolution of the photon counting system (~1.5
usec), and subsequently increased back to its non-
heated level (see Fig. 3). This initial decrease in
the light level is due to the 7';* dependence of the
recombination rate, The subsequent rise in in-
tensity back to its nonheated value is also explain-
able by the model because following the initial
transient, the qss model once again applied [thus,
agNZ(t)=a,N2(t)=S()]. That is, the decreased
recombination coefficient is compensated for by
the increased electron density. This assumes that
the intensity (I) is proportional to the rate of re-
combination,

When the microwave heating field was suddenly
terminated at £ =£,, the light intensity / increased
in a time less than 1.5 usec and then subsequently
decreased back to its nonheated value. This is
explainable in the same manner as discussed above.
We also find that

1)/ 1) =1()/1(t3),

which is consistent with the qss model since the
intensity reaches a maximum before N, can change
to any significant degree, and the initial change in
a N?, hence I, is governed only by the change in T,.

VI. ANALYSIS OF ERRORS

The wall temperature of the discharge tube was
assumed to be near 77 °K. Observation of the in-
crease in gas pressure with periodic discharging
showed that the average temperature of the walls
did not rise by more than 1.5 °K at the fastest dis-
charge rate used in this study.

The effective electron temperature T* at various
levels of microwave heating is illustrated in Fig. 9.
Also shown is the value of 7, predicted by Margenau.®
This data was obtained at a gas pressure of 30 Torr.
The measured value of 7* - 80 is on the order of
5 the value calculated by Margenau. [Frommbhold’s
correction F(Z) is small compared to the differ-
ence.] The reason for this discrepancy is not un-
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derstood, although the effect of inelastic collisions
with He¥ is a possible candidate. An additional
reason for this discrepancy may be that T does
not accurately approximate the electron tempera-
ture. However, the observation that T¥="77+15°K
for £>600 usec (this time is slightly pressure de-
pendent) indicates that this is not a likely cause for
the discrepancy. The latter result is observed at
all values of the sensing wave frequency. This
indicates the absence of systematic error except
possibly if 7T, is significantly greater than 77 °K
even for times greater than several milliseconds.
In principle, an elevated T, could be sustained by
the energy input to the free electrons via the 5-eV
electrons from the ionizing metastable-metastable
collisions. However, a simple energy-balance
analysis (for example, see Ingraham and Brown?®)
shows that for p >15 Torr and N, <10 cm™3, 7,
should not be more than 2 °K higher than 7,. In
this analysis the metastable density was estimated
by the gss relation between N, and [M],

In light of the above, it appears that during the
time of interest, for p >15 Torr and in the absence
of microwave heating, the electron temperature
was near 80 °K. Thus, there is sufficient reason
to believe that T* is a reasonable approximation
to T, both with and without a microwave heating
field.

The chief sources of error in the electron-density
measurements are the inaccuracy of the phase-shift
measurements A% and the error involved in the
evaluation of the filling factor £ [see Eq. (2)]. We
estimate that the measured N, is accurate to +15%
with all but 2% of this being systematic.

Additional error is introduced in the final evalu-
ation of & ‘® and o ¥’ because the initial time rate
of change of N, (¢,,,) must be evaluated, and the as-
sumption must be made that 7, changes instanta-
neously at £=¢, ,. The time rate of changes of
electron density at £=¢, , are consistently under-
estimated because they both decrease with increas-
ing time., The measured values were corrected
by the iterative procedure discussed in Sec. IV,
but an additional + 10% error is added to the values
of {(a®) and (a®’) to account for possible under or
over corrections.

The method used to evaluate o} and a‘ requires
that the time rate of change of T, at times {] , is
much greater than the rate of change of N,. The
time rate of change of T, at /=1{],, is estimated as
1/ 7,=v2m /M. If the criterion is set that the
change in T, must be 95% complete before N, has
changed by 10%, then it can be shown that this cri-
terion is satisfied under the conditions of the experi-
ment if p >2 Torr.

Note must be made here of the results of Goldan
and Goldstein® who measured 7, at both 4. 2 °K and
77 °K and found it to be much larger than that given

B. GERARDO AND M. A. GUSINOW 3

by the expression 1/ 7,=v2m /M. Their value was
found from the rate of change of microwave absorp-
tivity following termination of a microwave heating
field. However, they did not account for a possible
rapid change in N, as was observed by Kaplafka*
and in this work. Consequently, this raises some
question about the validity of their reported values
of 7,. Thus, the conventional relation was used in
this work as the criterion for equilibration time.

An additional + 5% possible inaccuracy is added
to the evaluated values of (‘@) and (@ ¥’) to account
for unforeseen systematic error. Adding to the
aforementioned error limits, the standard deviation
of the measured values, the value of o for Hej with
T, near 80 °K is (3.4+1.5)x107% cm®sec™?.

The method used to evaluate o}’ neglected the
production of new atomic metastables via the re-
combination process. If recombination terminated
in the atomic metastable state with unit probability
and the gss relation for N, was applicable, then 8
in Eq. (7b) should be replaced with an effective
value equal to 3 B8 (i.e., By¢=3B8). As aconse-
quence of this recycling process, the determined
a‘}) would be V2 times the value listed in Table II.
Since termination of recombination in M surely
occurs with less than unit probability, the necessary

MARGENAU
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FIG. 9. Measured electron temperature Ty at various
levels of microwave heating power. The bars represent
maximum scatter limits, Also included is the value that
T, should have attained according to the theory of Margenau
(Ref. 6).
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correction to the listed values of o'}’ is definitely

less than 41%. Thus, while the proper account of
recycling could bring &} into closer agreement
with «® and a ¥, to account for recycling would

be meaningless in light of the factor of 2 accuracy
limits on B.

Some experimental evidence is available which
indicates that the recombination of Hej is dissocia-
tive and results in an excited molecule. The domi-
nance of molecular excited state densities over the
corresponding densities in the atomic system is in
agreement with f; being small. However, this ob-
servation alone is not conclusive evidence for
f3<<1, especially since direct termination of Hej
recombination in M cannot be discounted. However,
consider the possibility that f; may be significant.

In this case [M] at any time ¢ depends on B, the ini-
tial metastable density, and on [f a (#)N, () dt. The
recombination coefficient o is permitted to be time
dependent to account for time-dependent perturba-
tions which are applied to it. It would indeed be a
coincidence to find that f; is large and that [M]
would in all cases be independent of the amplitude
or duration of the perturbation, as was always ob-
served in this study. As a consequence, it is be-
lieved that f;<< 1 or expressed explicitly, Hej+e

- Hef +e.

In the above error evaluation, the loss of elec-
trons by diffusion to the walls has not been included.
This is justified by calculations which indicate that
diffusion loss is less than 1% of the recombination
loss for p >5 Torr, N,>10'° cm~3, and 7, <200 °K.
In addition, the behavior of the total light radiated
from the plasma when 7, is altered by microwave
heating indicated that diffusion could be neglected.
In fact this behavior was used as a criterion for
neglecting diffusion loss at elevated T, and to set
the maximum acceptable level of heating power at
a given pressure,

An additional possible source of error can be
attributed to our assignment of the effective recom-
bination coefficient a* to that of Hej, which requires
that

ay[Hes]~ 2. o, [Hejl.

It is reasonable to assume that a;>a,,,, especially
in light of previous measurements of a, , at 7,
=300 °K and our measured value of a*. Since a*
also requires that N, [Heg]zNﬁ, the assignment a*
=a, requires that [Hej]/[He3]> 1. This latter
ratio is amenable to mass-spectroscopy measure-
ments at low gas pressure, but for p >10 Torr the
interpretation of the mass-spectroscopy results is
complicated by questions concerning the plasma
sampling as well as the behavior of the mass spec-
trometer at these higher pressures. These ques-
tions are not yet well enough understood to justify
using the high-pressure mass-spectrometer re-

sults. The justification for assuming that the ratio
[He}]/ [He}] is much greater than unity when the
gas pressure is greater than 15 Torr is based on
Patterson’s! estimate of the lower limit for con-
version of Hej to Hej. The mass-spectrometer re-
sults of this study are consistent with Patterson’s
estimate for the latter reaction.

VII. SUMMARY

The electronic recombination coefficient of Hej
under thermalized conditions at a temperature near
80 °K is (3.4 1.5)x107% cm®sec™!. The electron-
temperature dependence of this coefficient when the
gas and ion temperatures are maintained at 80 °K
is T7¥, (x)=1.22, 0.98<x<1,60.

This study has also confirmed the observation by
Kaplafka et al. that in a 80 °K helium plasma, a
small increase in electron temperature by means
of microwave heating can result in a large increase
infree-electron density. They attributed this in-
crease in N, to a T,-dependent source term and sug-
gested the existence of loosely bound electrons.
The evidence presented here indicates that the new
electrons result from metastable-metastable ion-
izing collisions. The increase in N, upon applica-
tion of a microwave field is accountable to an in-
verse T,-dependent loss term for free electrons
together with the T,-independent source term.
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APPENDIX

In this Appendix we clarify the meaning of the
effective collision frequency ¥, which was used in
the text and we outline the derivation of Eqs. (1)
and (2).

A plasma immersed in an electromagnetic field
alters the propagation characteristics of the wave
according to its complex conductivity, The com-
plex conductivity of a plasma at an angular frequen-
cy w can be expressed as follows?!:

had 3
-4—;’ eowf-[o 71}73 %Q dv, (A1)
where f, is the spherically symmetric term in the
expansion of the electron velocity distribution,
v=NvQ(v) is the velocity-dependent electron-neutral
collision frequency for momentum transfer, and
w,=N,e?/eyn is the plasma angular frequency.
Equation (A1) has been evaluated by Molmud!® for
several forms of @(v). For helium [Q (v) = const]
and f; (v) Maxwellian he obtained

0=0,+j 0; =
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0=€wi(®-jw)/ (F?+w?), (A2)
where
V=7,+j V;
is a complex quantity;
- _4 2
7,=+v[1-0.22(v/w)*],
r—3 [ ] (A3)

7,=0.18 ¥ /w) [1+2.14 (v/w)?] ,

where v=NQ (8kT/mm)"/?

When the plasma conductivity is expressed by
Eq. (A2) the solution for wave propagation in a uni-
formly filled waveguide is straightforward. How-
ever, with nonuniform filling, exact solutions are
difficult and have been obtained in closed form only
for a few special cases, Since to our knowledge
the derivation of Eqs. (1) and (2) is rot available
in open literature, we outline below the perturbation
solution used to obtain them.

A uniformly filled rectangular waveguide is ex-
cited in the dominant TE, , mode® which has a
propagation term e“*-TZ2) The propagation con-
stant I is obtained by solution of the wave equation
with the appropriate boundary condition and the con-
dition that the medium filling the waveguide is com-
pletely described by its complex conductivity

= [jwig(o+jwe) + (1/a)?]=(a +jB)? , (A4)

where a is the broad dimension of the waveguide,
Equating real and imaginary parts of Eq. (A4) the
following expressions are obtained:

Whoo,=20B, wheo;=f-a’-82, (A5)

where By =[wpo€o— (7/a)?] is the propagation con-
stant for 0=0 and is related to the guide wavelength
Xeo by Bo=27/N,. The phase shift in degrees A®°
and the attenuation in decibels A dB for a length [
of plasma are related to @ and B by the following:

AdB=10Ine®*'=8,68 al ,

(A6
A8°=4(360/7) (By-B) L. )
Substitution of Eqs. (A6) into Eqs. (A5) yields
A2 AdB
o =weo ~ (0.115) —=[1-0], (A7a)
AN/ A dB Mg

0‘""’5"(?«,0) (9 —26- 8.68121r) » (AM)
where

[e) =%

3601

Application of Eq. (A2) results in the following ex-
pressions for 7, and w:

1-0)
20-062%/ "

(A8a)

. _(0.115) AdB M yw
Vr= ml

|

3 ) wr(20-07) (GLeLrlan/ol)

£0 1+T/‘/w

(A8D)

The last term in Eq. (A7b) has been neglected. For
small phase shifts (i.e., © <1) Eq. (A8a) reduces
to

A dB

'7'=41'4__A<I>° f. (A9)

For all cases of interest in this work v/ w was less
than 0.5. Consequently, ¥,/ w<<1 and expansion
of the bracketed term in Eq. (A8b) shows that the
quantity 7, / w can be neglected in comparison with
(v, / w)®. Thus, for the plasmas studied here

2 A\ 2, .2
wéxf—) 20 ( Vi+w® ).
=) 22 (%)

Solutions similar to those expressed by Egs.
(A9) and (A10) can be obtained for a partially filled
waveguide by a perturbation solution. The fields
in the waveguide are assumed to be unaffected by
the plasma except for their propagation constant,
the spatial distributions of the fields remaining un-
changed. The propagation constant is obtained with
the aid of the energy conservation equation. This
results in equations identical to Eqs. (A5) except
the real and imaginary components of the complex
conductivity are replaced by their spatially aver-
aged values

(A10)

(01,00= [, 0urEydxdy/ || E}dxdy, (A11)
[ 4

where E, is the wave electric field, (x,y) are trans-
verse spatial coordinates, and the integral is evalu-
ated over the waveguide cross section S,. If both

0; and 0, are spatially uniform inside the discharge
tube and zero outside the tube, then

(o,',)=o,',(fsj E? dx dy/fs’ Eldx dy)=0,, ¢,

where the integral in the numerator is evaluated
over the tube cross-sectional area S,. With this
modification, Eq. (A9) is applicable for a partially
filled waveguide but Eq. (A10) must be multiplied
by a factor 1/¢:

1/2\?
w2==(— 29(1’/2+wz).
’ 5(":0) "

Applicability of this perturbation solution requires
that w}<<w or ©<1 and v; / w1,

(A12)
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We have calculated discrete and continuum generalized oscillator strengths for all the oc-
cupied shells of He—Na and the 3s and 3p continuum generalized oscillator strengths for Ar.
The calculations are done with a one-electron common-central-potential unrelaxed-core ap-
proximation. The generalized oscillator strengths were used to compute proton-excitation
and -ionization cross sections and stopping power, electron-ionization cross sections, and
neutral-neutral-ionization and -stripping cross sections. For proton ionization above 200 keV
and electron ionization above 200 eV, the calculated cross sections are in better than 20%
agreement with experiment, The calculated proton stopping power is lower than experiment
by 25% at 100 keV and within 10% at 1 MeV., The computed He-He ionization cross section
agrees with the measurement by Wittkower, Levy, and Gilbody, while the computed He-Ar

ionization cross section is a factor of 5 higher than the measurement by Puckett, Taylor,

and Martin,

I. INTRODUCTION

The generalized oscillator strength was intro-
duced by Bethe! and used in his stopping-power
theory.!? Bethe’s stopping-power formula uses
the optical oscillator strength, and for many years
the generalized oscillator strength remained unex-
plored. Lassettre’s®electron scattering experiments
provided the first extensive experimental measure-
ments of atomic and molecular generalized oscillator
strengths. These experimental generalized-oscil-
lator -strength measurements have been applied by
Green and Peek® to certain molecular scattering

problems. Rau and Fano® have obtained asymptotic
properties of generalized oscillator strengths.
Inokuti and Kim® and Oldham’ have done accurate
calculations of generalized oscillator strengths for
a limited number of discrete excitations in He. Bell,
Kingston, and Kennedy® have done similar calcula-
tions for a wider range of discrete excitations with
a less accurate ground-state wave function. Bell
and Kingston® have done proton and electron ioniza-
tion for He, and Oldham!® has done proton ionization
for He.

Our purpose is to use the generalized-oscillator-
strength (GOS) approach in calculations for a wide



