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The electron energy decay in the afterglow of a pulsed dc discharge in helium has been studied over a
pressure range from 0.03 mm to 5 mm Hg. The energy decay is found to be influenced by cooling due to elec-
tron-atom elastic recoil and heating due either to electron-metastable superelastic collisions at low pressures
or to the ionizing collision between two metastable atoms at high pressures. The analysis allows for the
deviation of the electron velocity distribution from Maxwellian resulting from these heating effects.

1. INTRODUCTION

HE electron energy decay in the afterglow of a
pulsed discharge is determined by the combined
effect of the mechanisms capable of increasing or de-
creasing the average electron energy. A study of the
electron energy decay as a function of plasma param-
eters such as gas pressure, electron density, added
impurity concentration, and, in some cases, the applied
dc magnetic field, will allow a separation of these effects
and evaluation of their magnitude.

To interpret properly the observed electron energy
decay it is necessary to know the nature of the electron
velocity distribution. The problem is straightforward if
the electrons have a Maxwellian velocity distribution,
but this may not be the case if heating and cooling
mechanisms act to add or remove electrons prefer-
entially from some portion of the velocity distribution.

The electron energy is experimentally determined by
the measurement of the plasma radiation temperature
T which'2 is equal to the electron temperature T"if the
electrons have a Maxwellian velocity distribution.

The following presents the results and interpretation
of measurements of the decay of the electron radiation
temperature in the afterglow of a pulsed dc discharge in
helium. The theory used accounts in an approximate
way for the deviation of the electron velocity distribu-
tion from Maxwellian. :

II. THEORY

In this section the electron velocity distribution is
calculated as a function of time in the afterglow under
the influence of electron-atom elastic recoil, electron-
electron collisions, ambipolar diffusion, electron-meta-
stable superelastic collisions, and metastable-metastable
ionizing collisions. This distribution function is then
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used to calculate the time variation of the electron
average energy # and the electron density #.

Other mechanisms which can affect the electron
energy have been considered and have been found to be
either negligibly small or not to explain the measured
electron energy decay.? Those effects which can act to
increase the electron energy are: dissociative recombina-
tion involving an electron and the helium molecule ion,*
and a superelastic collision involving a free electron and
a helium atom in an excited state other than a meta-
stable state. The ionizing collision between two helium
atoms, one being initially in an excited state within
1.5 eV of the ionization level,® which results in the pro-
duction of the helium molecule-ion and an electron, acts
to raise the average electron energy only if the energy
of the electron produced exceeds the average energy of
the plasma electrons. For the electron densities involved
in the experiments, electron-ion elastic-recoil collisions
are not important in determining the electron energy
decay. Below 10 000°K the effect of inelastic collisions
may also be neglected in helium.

Ambipolar diffusion generally tends to cool the
electrons, but may, in some cases, when a dc magnetic
field is applied to the plasma, actually heat the elec-
trons.® In any case its direct cooling or heating effect on
the electrons may be neglected for the conditions of the
experiment. However, its effect on the electron density
decay and on the velocity distribution cannot be
ignored.

With these approximations the Boltzmann equation
for an isotropic electron velocity distribution f, with no
externally applied electric field, is

o0=(G0), <G,

gn 9 af
ot T Vit ()
€

€2 Je

where n=electron density, g=the average fractional
energy exchange in an electron-gas atom collision, »,
= electron-atom collision frequency, e= electron energy,

4E. P. Gray and D. E. Kerr, Bull. Am. Phys. Soc. 5, 372 (1960).
¢ J. A. Hornbeck and J. P. Molnar, Phys. Rev. 84, 621 (1951).
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m=electrons mass, k=Boltzmann constant, T,=tem-
perature of the gas atoms. The velocity distribution f
is normalized such that

/ fhmidv= (2/md) 24 / fell2de=1

The first term on the right of Eq. (1) represents the
removal and redistribution of electrons due to diffusion;
the second term represents electron-electron collisions;
the third term is the electron-atom elastic recoil term?®;
and the last term is a heating term resulting from the
presence of metastable atoms.

A. Heating Due to Superelastic De-excitation of
the Metastables to the Ground State

Electron-metastable superelastic collisions act to
remove electrons from one region of energy e, e—|~de, to
another region e+e€u, e+e,+de, where €,~220 eV is the
metastable energy. With an excess of electrons present
at these elevated energies due to the superelastic colli-
sions, it is also necessary to include the inverse of the
above process, the inelastic collision.

If superelastic collisions are the dominant heating
mechanism, H becomes for e<e,

H=—0:,2¢/m)"*ti, f
+oleten](eten) (2/me) 2N fleten] (2)

and for e>e¢,

H=03]e—€n](e—€n) (2/me) 1 f[e— €]
—0.(2e/m)nN T, (3)

where o, is the superelastic-collision cross section, o is
the inelastic-collision cross section, #.,, is the metastable
atom density, and NV is the gas atom density. Whenever
a quantity is not a function of e but of e+e¢,, or e—e¢,, its
functional dependence is included in square brackets
(for example, o[ eten] in Eq. (3)). The effects of the
singlet and triplet metastable atoms are combined into
one effective cross section, since their electron-collision
excitation functions have about the same form? and
their energy separation is small relative to their excita-
tion energy. The inelastic cross section o, has been
accurately measured as a function of electron energy
by Schulz and Fox.?

Boltzmann’s equation is now solved for f by making
a number of approximations for the collision terms in
the vicinity of e~e,. These approximations are made
possible in part by the fact that the energy of an electron
following a superelastic collision is much greater than
the average electron energy, #(<1 eV), and in part by

SW. P. Allis, Handbuch der Physik, edited by S. Fliigge
(Sprmger-Ver]ag, Berlin, 1956), Vol. XXI, pp. 383-444,

. S. W. Massey and E. H. S. Burhop, Electronic and Ionic
Impact Phenomena (Clarendon Press, Oxford, England, 1952),

p. 7
5(: J. Schulz and R. E. Fox, Phys. Rev. 106, 1179 (1957).
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the fact that the excess number of electrons in the
region is small compared to the total number.

The diffusion term is approximated by — (2e/
3vemmAg®)nf in this region of energy, where?

£2.3X10% sec™?, (4a)

Vem=—

and

1 24 1
(=) @
Agp? R/ 1+ (eB/mv.m)?

and where p is the gas pressure in mm Hg, B the applied
dc magnetic field, and R the tube radius. The expression
for the diffusion term is obtained simply by averaging
the Boltzmann equation over all electron energies for a
distribution function containing a small peak f; at
€=€n, and then inspecting this average to see which
term containing f1 is dominant. The next larger term in
f11s of order /e,

The electron-electron term in this region is ap-
proximated by — (f— fo)/7.. where fo is a Maxwellian
distribution with the same average energy as f and 7.
is a relaxation time calculated using the formula given
by Spitzer' into which has been substituted an electron
energy e=e,. This gives an approximation for the rate
at which the energetic electrons are re-thermalized with
the bulk of the electrons.

The electron-atom collision term is approximated by
— (gvemnf) in this region. This does not now conserve
electrons but does give the correct energy decay. Since
we assume the number of electrons in this region of
energy to be a small fraction of the whole, this ap-
proximation for the collision term should be reasonable.

The Boltzmann equation for €2 ¢, becomes, then,

i} 2em (f= 1o
—nf=— nf—mn gvemtfAnH , (5)
ot 3chA32 Tee

where H is given by Eq. (3). An approximate solution
of this equation may immediately be obtained if
(8/3tynf may be assumed negligibly small. Since this
term is equal to the difference between the effect which
adds electrons to this region and the effects which
remove electrons, it is possible that it may be small com-
pared to either of the two types of effects. The solution
thus obtained for superelastic heating is, for exe,,

2¢\ /2
Teeolx(—‘) %mf[:é— 6m]+f0
/ 2€m  (

26 1/2
1+Tee[chm+ +¢7x(“'> ]V:l
3my emA g% m

9 S. C. Brown, Basic Data of Plasma Physics (John Wiley & Sons,
Inc., New York, 1959), p. 5.
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where o, has been eliminated using the relation'

osce—en )= (¢/e—€m)aale]. )

The distribution function in the vicinity of e~u is
assumed to be Maxwellian in form with a temperature
T. This is not incompatible with the fact that the
distribution may be strongly non-Maxwellian in the
region of e~e, since # is much less than ¢, and the
electron-electron interaction will consequently be much
stronger for the electrons of near average energy than
for the energetic electrons. Since we assumed the frac-
tion of energetic electrons to be small, this implies that
the bulk of electrons will not be greatly disturbed.

The total distribution function is then composed of a
Maxwellian distribution of temperature 7" and a non-
Mazxwellian part as given by Eq. (6). We can determine
the equation for the time rate of change of the average
electron energy u by performing the proper integral of
the Boltzmann equation. Neglecting cooling or heating
effects from diffusion and requiring that the electron-
electron collision term give zero contribution, we find

du
— == T/T) (I T )+ Hey (§)
2
where
8w
Hse _nmfm
m2
€
O'MGf(l '—chmTee'_)de
0 €m
> .
, 2€m 2 1/2
1+ Tee[chmJl' 71 G’seé( ) N]
3o 52 m(eten)
9

The first term on the right of Eq. (8) represents the
electron-atom elastic-recoil energy loss for the Max-
wellian portion of the velocity distribution valid for
electron temperatures below 10000°, where »,=20vp
sec™! in helium,? and, as a result, ¢="7.87X10% sec™™.

Order of magnitude estimates of the quantities in the
denominator of the integrand of Eq. (9) show that for
all conditions of the experiment the term proportional
to o5, will be large compared to the other terms over
most of the range of the integral. Neglecting the other
terms we obtain

1 f2kT tm f €m \*?
Hse:_( _‘(_—_) ) '
Tee \ T2 N \ET
This limiting expression for H,, corresponds to a very

weak electron-electron interaction for electrons of
energies e~¢,, where the steady-state shape of the dis-

(10)

UL, I. Schiff, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc., New York, 1955), p. 206.
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turbed distribution function is determined by a balance
between superelastic collisions and the inverse inelastic
collisions. The other limit of very strong electron-
electron interactions in this region of energies is obtained
from Eq. (9) by setting 7.,=0.

The assumption in Eq. (5) that 9/di(nf) was
negligible may, with the help of Eq. (6), be shown to be
valid provided the time constants for metastable
density decay, electron density decay, and the decay of
the temperature of the Maxwellian part of the velocity
distribution are all long compared to the shortest of the
relaxation time constants 7., 1 / Eomy 3MVemA B/ 2€m,
and 1/¢,(2¢/m)"?N. These provisions are satisfied for
the conditions of the experiment.

B. Heating Due to Metastable-Metastable
Ionizing Collisions Alone

The collision between two metastable atoms can
result in the production of an electron, an atomic ion,
and an unexcited atom.?!® The maximum -energy
available to the electron thus produced is the difference
between twice the metastable energy and the atomic
ionization energy, or about 14.5 V. Since the final state
involves three bodies, the electron produced can have
energies ranging from zero to 14.5 eV. The probability
per unit interval of energy of producing an electron of
energy e is found to be proportional to €/?(e.’—¢)%?,
where e,/=14.5 eV. This expression is determined by
considering the joint probability of producing each of
the three particles with momentum vectors terminating
in respective incremental volume elements in momen-
tum space, and, for a fixed range of electron energies,
averaging over-all possible electron directions of motion,
and all allowable atom and ion momenta subject to the
constraints of conservation of total momentum and
energy. The average energy of these electrons is found to
be 5/8¢,'~9 eV. In calculatmg the heating due to
metastable-metastable ionizing collisions alone, it is
assumed that the hot electrons are all produced at an
energy e,’”’=9 eV. The inverse process which would be
a three-body collision between an electron, an ion, and a
gas atom may be neglected.

The heating term for this case then takes the form

H=(Bn.,2/n)é(e—en). (11)

If the helium molecule ion is produced in the collision*
instead of the atomic ion and an atom, the electrons
produced will have a single energy of about 15 eV. A
value of €,”’=15 eV in Eq. (11) would represent this
effect. The inverse process may be important but no
attempt will be made here to account for it.

Proceeding exactly as in Sec. ITA, an expression is
obtained for the perturbed part of the velocity distribu-

2 M. A. Biondi, Phys. Rev. 82, 453 (1951).

13 A, V. Phelps and S. C. Brown, Phys. Rev. 86, 102 (1952).

1141(\1 R. Tynes and J. J. Brady, IEEE Trans. on Nucl. Sci. 11,
23
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tion fi and the rate of change of the electron average
energy
TeelBNn2d(e—en’)

= , (12)
26m”
(et )
3mvemA B

dM T 1/2

___._a(_) $k(T—T )+ H o, (13)

dt T,
where

6nm2€m’/
Hy= (14)

26,,," ’
’ﬂ(l+ Tee[gycm+_ :|)
3'”7'1’0111,AB2

C. Heating Due to Superelastic De-excitation of
the Singlet Metastable to the Triplet Metastable

The superelastic collision between an electron and a
helium singlet metastable producing the triplet meta-
stable releases 0.8 eV of energy to the electron and has a
a cross section of ¢;3=3X10"" cm? as measured by
Phelps's for room-temperature electrons. If this is an
exchange collision'® the cross section for a given electron
velocity will be proportional to the square of the electron
de Broglie wavelength. Hence, when the product of the
cross section and the electron velocity is averaged over
the electron velocity distribution, the result will be
inversely proportional to the square root of the electron
temperature.

Assuming the electrons to be in an undisturbed Max-
wellian, the following contributions to the singlet den-
sity decay and the electron heating are obtained:

ld’ﬂs Tg 1/2
— =—3.5><10~7<¥) n (15)
ng di T
and
T\
H13= 7.2 X 10—6("1':) %kTgns) ) (16)

where #, is the singlet metastable density and His
represents the heating term for the superelastic con-
version of the singlet to the triplet. The inverse process
whereby the triplet is converted into the singlet through
an inelastic collision with an electron should also be
included in these expressions. For electron temperatures
below 4000°K, it will be less than a 109} correction,
assuming the triplet metastable density to be no greater
than the singlet metastable density.

The assumption that the electron velocity distribu-
tion is not appreciably disturbed by this heating
mechanism is reasonable because the energetic electrons
produced have energies low compared to the electrons
produced by the heating effects of the preceding sections

15 A, V. Phelps, Phys. Rev. 99, 1307 (1955).
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and hence will have a much faster rate of thermalization.
Comparing the rate at which the superelastic collisions
disturb the electrons from the Maxwellian distribution
with the rate with which they are rethermalized shows
the above assumption to be valid.

III. RESULTS AND INTERPRETATION
A. Pure Helium Afterglow

On the Fig. 1 is shown the temperature decay calcu-
lated from Eq. (8) with H,,=0 for a pressure $=0.5 mm
as well as the measured temperature decay for these
conditions. It is clear from this that there is some heat-
ing effect present in the afterglow. Temperature meas-
urements such as those shown in Fig. 1 were made for
pressures varying from 0.03 mm-5 mm in helium. The
following analysis is done for the range of pressures from
0.1-1.0 mm for which the heating effect was most
pronounced. At a pressure of 0.06 mm the measured
temperature decay appeared free from heating effects
and at a pressure of 5 mm the measured temperature
decay seemed nearly free of heating effects for discharge
currents greater than 250 mA except in the later after-
glow where the temperature remained above room
temperature for a few hundred microseconds. The
electron densities given with the figures are the electron
densities at the initial time of the afterglow determined
as described in Sec. V.

We now make the approximation that wc~3kT
~3ETr. The validity of this assumption is discussed in
Sec. VIA. Equations (8) and (13) may be written in the
form

g 1/2 d
A=a( ) B=T)+=hr, (D)
T, dt
where H may represent either Hm, Hye, or Hys, or a
combination thereof.
The right-hand side of Eq. (17) is completely deter-
mined by the measured variation of T° with time and
hence H as a function of time can be calculated from the
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F1c. 1. Four measured radiation temperature decays in the
helium afterglow at a pressure of 0.50 mm Hg and a discharge
current of 100 mA measured on different days to show repro-
ducibility of measurements. Magnetic field is 1920 G. Also shown
is a calculated temperature decay assuming that only electron-
atom elastic recoil influences the temperature decay. The
estimated initial electron density is 1.5X 10" cm™.
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T16. 2. Experimentally determined variation of H (points) and comparison with theoretical variation for pressures of 0.98, 0.78, 0.55,
0.28, and 0.12 mm. The transition from metastable-metastable heating (H,.m) at higher pressures to superelastic heating (H,, and His)

at lower pressures is apparent.

Experimental Conditions

Discharge current

(mm) (mA)
0.98 60
0.78 75
0.55 100
0.28 100
0.12 200

temperature decay curves. Figure 2 displays this
experimentally determined variation of A for pressures
of 0.98, 0.78, 0.55, 0.28, and 0.12 mm. Also shown on
this figure are the theoretically determined variations
of Humy Hse, and Hys as given by Egs. (10), (14), and
(16), respectively. Hu» is calculated using the meta-
stable diffusion coefficient'® D,,=470/p cm?/sec and
assuming the electron density is constant. The electron
density decay in the expression for H,.(re.~1/%) is
calculated assuming the electrons are lost by ambipolar
diffusion and assuming that they have a Maxwellian
distribution. Only the atomic ion is assumed present
and Dy =270/p cm?/sec is used.”® H;; is calculated by
numerically integrating Eq. (15) with an additional
loss term due to diffusion and substituting into Eq. (16).
The electron density in Eq. (15) is assumed constant
and equal to the value determined from the discharge
current and voltage. The theoretical curves are fitted
at one point to each experimental curve.

The figure indicates that at higher pressures the heat-
ing is due to H..n» and at lower pressures to Hi; or H,,.
The assumption that the electron density is constant
when only metastable-metastable heating is present is
discussed in Sec. IVB and a first-order calculation of
the electron density variation is shown to improve the
agreement between the experimental and theoretical
variations of Hum.

Two further pieces of experimental evidence indicate
that H.., is the dominant heating term at the higher
pressures. At 0.98 mm measurements of temperature
decay were analyzed for discharge currents of 10 mA
and 120 mA in addition to the 60-mA current of Fig.
2(a). The observed time dependence of H was the same

Initial electron Magnetic field
density X107 cm™ G)
1.7 1530
1.6 1900
1.5 1900
0.8 1900
0.68 1900

for each of these runs which is consistent with H,» being
the dominant heating term but inconsistent with H;
being dominant in view of the strong dependence of H;
on electron density through the term given in Eq. (15).
At 0.78 mm it was assumed, tentatively, that H=H;
and the required electron density variation with time
was calculated as predicted by Eq. (16) coupled with the
equation for the singlet metastable density decay. This
calculated electron density decayed at a rate two to
three times faster than the theoretical rate for ambipolar
diffusion in the presence of the atomic ion, thus indicat-
ing the assumption that H; is dominant to be incorrect.

At the lower pressures the variations of H,, and H;
with time become indistinguishable. It is likely that His
is the more important heating term as can be verified by
direct calculation from Egs. (10) and (16). Hy; will be
greater than H,, at the higher pressures, also, so that
the arguments of the preceding paragraphs may be
used to substantiate the evidence that H,,, as well as
Hj3, are negligible compared to H,.n at higher pressures.

It is possible for Hnm to dominate over His because
each electron produced in the reaction contributing to
H,n» has about ten times the energy of each electron
produced in the reaction contributing to Hys. Further-
more, the cross section for the Hn. reaction is very
large, being equal to about 10~ cm? as determined by
Phelps and Molnar.16

Since the metastable atoms are produced during the
discharge pulse by electron-atom collisions and lost
predominantly by diffusion, the steady-state metastable
density for sufficiently long discharge pulses will be

18 A, V. Phelps and J. P. Molnar, Phys. Rev. 89, 1202 (1953).
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proportional to the cube of the pressure for a given
discharge current. The initial metastable density of the
afterglow period decreases rapidly with decreasing pres-
sure as a result of this, and it is not surprising to find
that at low pressures the heating terms which are linear
in the metastable density become dominant over the
quadratic heating term. The steady-state electron
temperature during the discharge pulse increases with
decreasing pressure, tending to partially offset the
decrease of metastable density with pressure.

B. The Effect of Added Argon and
Neon Impurities

Near $=0.5 mm the H,.» and Hy; curves are both
close to H. By adding measured amounts of argon or
neon impurities to the helium at this pressure and
observing how the time dependence of H is altered, it is
possible to calculate a value for the metastable destruc-
tion cross section due to the added impurity provided
that one of the heating terms may be assumed to
dominate. Such calculations were carried out assuming
that H=H,., and H=H .

Assuming first that H=H,,, the following destruc-
tion cross sections are calculated:

for argon ¢p=1-0.2X1071¢ cm?
and for neon ¢p=0.3240.1X10"16 cm?,

(18a)
(18b)

These values are in agreement with Biondi’s'” value
of 0.93:£0.08 X 10716 cm? for argon and Javan’s'® value
of 0.374:0.05X 1016 cm? for the destruction of the
triplet metastable in a collision with a neon atom.

If H is now assumed equal to Hy;, values for the
singlet destruction cross section can be calculated. For
argon op=1.6)X1071¢ cm? and for neon o p=0.06X10-*¢
cm? which values compare poorly with values measured
by Benton for the destruction of the singlet metastable
of ¢p=55X10""1% cm? for argon and op=4.1X10"16
for neon.

The conclusion is that H,m is still the dominant
heating mechanism at 0.5 mm and that it is probably
the triplet-triplet ionizing collision which contributes
most strongly to Hum.

IV. THE ELECTRON DENSITY DECAY AND
METASTABLE-METASTABLE HEATING

A. Experiment

The electron density decay was measured at $=0.515
mm and B=1150 G using a phase-shift measurement of
a microwave signal transmitted through the plasma and
the result is given in Fig. 3. It is seen that the electron
density does not decay but actually increases during the

17 M. A. Biondi, Phys. Rev. 83, 653 (L) (1951).

18 A, Javan, W. R. Bennett, Jr., and D. R. Herriot, Phys. Rev.
Letters 6, 106 (1961).

B E. E. Benton, E. E. Ferguson, F. A. Matsen, and W. W.
Robertson, Phys. Rev. 128, 206 (1964).
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B=1150 GAUSS
p=05 mm

\
\ Jmp/2

0 100 200

300
t(usec)

400 500

Fic. 3. Experimentally determined electron density decay show-
ing effects of metastable-metastable ionizing collisions in the early
afterglow. The dotted line is the theoretical decay for the square
of the metastable density assuming loss by diffusion. The discharge
current was 200 mA.

early afterglow. The decay of the density commences
after about the time constant for the decay of the square
of the metastable density (r.np/2), where this time con-
stant is calculated assuming the metastables are lost by
diffusion and that the metastable diffusion coefficient
has the value quoted in Sec. IITA. This indicates that
metastable-metastable collisions are contributing ap-
preciably to the electron density. Measurements of the
electron density decay for magnetic field values in the
vicinity of cyclotron resonance were prohibited by the
strong attenuation of the microwave signal in this
region. Useful measurements at higher pressures were
prevented by signal absorption in the plasma.

B. Correction to H,,, for Electron
Density Variation

It is possible to improve the agreement between the
experimental and theoretical values of Hunm in Fig. 2(a)
by taking into account the time variation of the electron
density in calculating the theoretical Hpum.

To obtain an equation for the electron density varia-
tion, we integrate Boltzmann’s equation assuming that
H is given by Eq. (11) and that the distribution function
is a Maxwellian part plus a non-Maxwellian part given
by Eq. (12). We may also eliminate the average of H,
H um, from the resulting equation by using the expres-
sion for H,, as given by Eq. (17) with d/d¢(3kT) set
equal to zero. This approximation introduces an error
of less than 109} for times in the afterglow later than
10 usec. The equation finally obtained for the electron
density is

n n

—= —_l: (1+chmTee)

ot ™D
2em
-1.3<1+Tee|:g1’cm+—' ])] ) (19)
3’mvcmA32

where 1/7p22254(T/T,)%? secl. Values corresponding
to the conditions of the temperature decay at 0.98-mm
pressure of B=1530 G, R=0.65 cm and D,=270/p
cm?/sec have been used to obtain this expression. The
only unknown quantity in this expression is 7., which
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1000— o

a p=0.98mm

0 Hpm EXPERIMENTAL

O Hpm THEORETICAL (n NOT CONSTANT)
Hmm THEORETICAL (n CONSTANT)

500 —

200 —

‘H (ARBITRARY UNITS)
T

100 [—

NS | | 2
) 50 100 150
TIME (1SEC)

F16. 4. Plot of experimental H and the theoretical H (Hmm) for
the case where metastable-metastable ionizing collisions are the
dominant heating mechanisms showing the improved agreement
obtained between theory and experiment when a correction
(theoretical) is made for the electron-density variation.

varies as the reciprocal of the electron density. Hence
if 7., is determined at one point in the afterglow, it can
be determined at another by numerical integration of
Eq. (19). Such a value can be determined for =, using
Eq. (14), requiring that the time derivative of the
experimental H,,, at {=10 usec yield the same value
for an/dt as does Eq. (19) at the same time in the
afterglow. This gives a value of

Tee=1.4X1076 sec (20)

at t=10 usec in the afterglow where values correspond-
ing to the experimental conditions of

2vemn="0.63X 107 sec (21)
and
2em

3chAB2

=0.46X10"%sec=0.72gvcm (22)

have been used.

It is now possible to calculate » for subsequent times
using Eq. (19) and from this to calculate a theoretical
H .., for a nonconstant electron density using Eq. (14).
The result is shown in Fig. 4 where the theoretical curves
for H,m, both with % constant and » varying with time,
are compared against the experimental points for Hm.

A theoretical estimate for 7., at {=10 usec can be
obtained from Spitzer’s formulal® using an electron
energy of 9 eV and an electron density equal to the
steady-state discharge value of #=1.7X10" cm™ as
determined from the current and voltage of the dis-
charge. The value is found to be

Tee=4.0%X106 sec

in reasonable agreement with Eq. (20).

If, instead, an electron energy of 15 eV is used, corre-
sponding to the production of the helium molecule ion
in the metastable-metastable collision, then a theoretical
value of 7,28X10~¢ sec is found.

(23)

V. EXPERIMENT

The 75-cm by 13-mm cylindrical quartz discharge
tube was mounted on the axis of symmetry of a meter-
long solenoid magnet capable of producing dc magnetic
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fields up to 2000 G. The center 30 cm of the discharge
tube was contained in a 1-X2-in. rectangular waveguide
so as to allow detection of the microwave emission from
the plasma at 5500 megacycles. The magnetic field in
this region was uniform to better than 1.09%,. The dis-
charge was pulsed at a rate of 200 sec™ . The discharge-
current pulse could be varied from 10-300 mA in
magnitude and from 10 to 1000 usec in duration. The
electron density was estimated from the tube current
and voltage and the known value of the electron-atom
collision frequency in helium.

The applied magnetic field served to inhibit the
diffusional decay of the electron density, to reduce
diffusion cooling effects and to increase the plasma
opacity to the microwave radiation, thereby improving
the plasma emission especially at low gas pressures and
low electron densities. Also, by observing the depend-
ence of kTr on magnetic field, the deviation of the
electron velocity distribution from Maxwellian could be
measured as discussed in Sec. VI.

After baking the vacuum system for four days at
250°C, the apparent leak rate was less than 2108
mm Hg per h with the discharge-tube cathode (either
a tungsten spiral or an oxide-coated nickel mesh) in
operation, and the system isolated from the vacuum
pump. The measured temperature decays were re-
peatable over many consecutive runs and could be
reproduced from one day to the next using a gas sample
which had been allowed to remain in the system over-
night, indicating the temperature decay did not depend
strongly on very small amounts of impurity. Four
consecutive runs made with the same gas sample at
0.98-mm pressure over a 2-h period showed good
reproducibility and an accuracy of about 4=100°K.
Shown on Fig. 1 are curves indicating the day-to-day
reproducibility of the measurements. These curves are
for pressures near 0.5 mm for different gas samples on
different days but approximately the same discharge
current.

The waveguide containing the discharge tube was
terminated with a reflecting short at one end so that the
plasma was free to emit only in one direction. The
plasma radiation temperature was measured by com-
paring electronically the power emitted per frequency
interval from a radiation standard whose temperature
T, was known, with the plasma emission plus that part
of the standard radiation which was reflected from the
plasma and waveguide termination, ekT r+T%Ts, where
€ is the emission coefficient and T' the reflection coeffi-
cient of the plasma and reflecting waveguide termina-
tion. If losses in the region of the waveguide near the
plasma, other than those due to the plasma itself, are
negligible, then from considerations of detailed balance
e=1—T, and when T, is adjusted (using a calibrated
attenuator) so that the signals being compared are
equal, Ts= Tk, independent of T'. This method proved
very useful since it is not limited only to those cases
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where the plasma is well-matched to the waveguide. The
radiation standard was a neon gas discharge calibrated
by the Bendix Corporation to have a temperature of
17 5004-680°K.

The time resolution for the measurement of the
electron radiation temperature was obtained by energiz-
ing the microwave receiver with a 1-usec gating signal
such that in one cycle the receiver would detect the
signal ekTg+TkT, at the desired time in the afterglow
and one-half cycle later detect the signal from the
standard alone, k7T,. Since this whole process was
repetitive, it was possible to employ synchronous detec-
tion, thus reducing the time required to make a given
measurement.

VI. DISCUSSION OF ASSUMPTIONS

By studying the variation of the radiation tempera-
ture of the plasma as the magnetic field is varied through
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cyclotron resonance,! an estimate of the error made in
assuming that $4T~3kT r~u is obtained. Such meas-
urements show the error made in making this assump-
tion for the experiments here reported is never greater
than 209,.

The validity of the assumption that the number of
electrons in the perturbed part of the distribution func-
tion represent a small fraction of the whole may now
be directly verified by integrating Eq. (12) over all
electron velocities and substituting the appropriate
quantities from Sec. IVB to obtain this fraction for the
particular case therein discussed. The value thus found
for this fraction is 1/20, thus justifying the assumption.
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A hydrogenic plasma with an electron density near 5X 10 cm™3 and a temperature between 1 and 3 eV is
produced by a powerful transient discharge in a tube of 14-cm diam and 86-cm length. Spectroscopic tech-
niques are used to follow the subsequent decay of both electron density and temperature for about 300 usec.
Astrong uniform axial magnetic field suppresses rapid radial particle losses, but does not appreciably reduce
the radial energy transport. The axial transport apparently results merely in the slow growth of relatively
thin dense boundary layers at the tube ends. In the interior the ionization is shown to decay primarily by
volume recombination, and the rate coefficient agrees well with that calculated by Bates, Kingston, and
McWhirter for plasmas that are virtually opaque to the Lyman-line radiation. Evidently, the plasma starts
out essentially fully ionized and seems to remain close to local thermal (Saha) equilibrium for 120 usec. The
inferred energy-loss rate, on the other hand, initially exceeds that expected for kinetic transport by perhaps
an order of magnitude, indicating that early in the afterglow radiative transfer may be significant.

I. INTRODUCTION

EVERAL authors, beginning with Lord Rayleigh
in 1944, have observed recombination in dense
hydrogen plasmas.~® The recombination was at first
attributed to ‘“radiative recombination,” described by

H++e— H*+hy, 1)
with an associated recombination coefficient o defined

*Work done under the auspices of the U. S. Atomic Energy
Commission.
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by
dN;/dt=—a(T)N:N., (2)

where N; is the ion density, NV, is the electron density,
and T is the temperature. Measured values of a have
been too large, sometimes by more than a factor of
10, to be explained by radiative recombination alone.
D’Angelo showed that another process, ‘“‘three-body
recombination,” could contribute significantly to the
recombination rate of a dense plasma.? This process is
simply the inverse of electron collisional ionization:
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