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Recombination-dominated decaying plasmas in He, Ne, and Ar gases are produced in a
discharge tube energized with a capacitor bank capable of delivering 3 x 10 J at 20 kV. The
electron temperature, atom temperature, and electron number density as a function of time
are measured by using a triple probe, a thin-film thermometer, and the triple probe and
microwave apparatus, respectively. The atomic- and molecular-ion number densities al'e
monitored by using a mass spectrometer. The electron-temperature dependence of the dis-
sociative recombination coefficient e2, and the atom-temperature dependence of the molecular-
ion formation coefficient p are calculated. The results indicate the following: (1) the
electron-temperature dependence and absolute value of n2 are both affected by the atom tem-
perature of the plasma; a simplified physical model is proposed to explain this variation of
dependence; the previous controversial experimental results published in the literature on
this subject can be understood with the use of this physical model; and (2) the atom-tempera-
ture dependence of p agrees with theoretical expectations.

I. INTRODUCTION

The existence of molecular ions of rare gases
was first experimentally proved by Tuxen, ' and
later confirmed by several workers. ' ~ The most
probable mechanisms for producing the molecular
ions have been suggested to be a three-body pro-
cess of atom-ion attachment'~'

+28-B2 +8,

and ionization attachment'

R* +B-R, +e,+

where R and g* are rare-gas atoms in ground
state and excited states, respectively. Under
present experimental conditions, according to the
experimental results presented by Dahler et al. ,

'
the mechanism responsible for the formation of
R,+ is dominated by reaction of Eq. (1). In a rare-
gas plasma, among others, the formation of the
molecular ion and dissociative recombination,
which is the reverse reaction of Eq. (2), takes
place simultaneously. The formation and re-
combination reaction rates and their electron-
and atom-temperature dependence (atom tempera-
ture assumed to be equal to that of ion) have been
the subject of study for quite some time. Owing
to the fact that there is lack of control over vari-
ous parameters of the complicated processes in
the plasma, the results published in the literature
are rather controversial. For example, the elec-
tron temperature dependence of the dissociative
recombination coefficient has been studied by
several authors. 7 " The results vary from
T '~' to 7' 'I for a single gas (Ar) depending
on the methods used to produce the plasma. Re-
cently, Biondi et al." have attempted to attribute
the controversial results to differences in the
atom temperature in the plasma of various experi-
menters. Experimental data on the atom-tempera-
ture dependence of the formation rate of the rare-
gas molecular ions, to the author's knowledge,

are still lacking in the published literature.
The present experiments are designed (1) to ob-

tain information on the electron temperature de-
pendence of the dissociative recombination rate
of the rare-ga. s molecular ion with different
atom temperatures, in order to study the possible
dependence of the recombination process on the
gas temperature, and (2) to measure atom-tem-
perature dependence of the formation rate of the
rare-gas molecular ion. The special features of
this work are: (1) the electron temperature,
electron density, relative atomic-ion and molecu-
lar-ion concentrations, and ion temperatures are
measured simultaneously; (2) both dissociative
recombination and molecular-ion production are
taken into consideration in the decaying plasma;
and (3) all the plasma parameters are measured
locally.

II. THEORY OF THE EXPERIMENT

dn2~d 1 o'2 2 1 n2) ' (4)

where n, is atomic-ion number density, n~ the
molecular-ion number density, p the production
rate of n, by electron impact, y the molecular-ion

In a transient discharge tube energized with a
capacitor bank, the principal processes prevailing
in the tube are as follows. During the discharge
period, the atomic ions and electrons are yro-
duced by electron-atom inelastic collision, and
the molecular ions are produced by reaction as
indicated in Eq. (1). In the afterglow decay period
the dominant competing processes in the plasma
are collisional-radiative recombination of elec-
trons and atomic ions, dissociative recombination
of electrons and molecular ions, and production
of molecular ions (diffusion is negligible, as dis-
cussed in the next section). The rate equations
are

dnl jdt=p nl 1( 1+ 2 1
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formation coefficient, n, the electron-atomic-ion
recombination coefficient, nz the neutral-atom
density, and o.2 the molecular-ion dissociative re-
combination coefficient. Here, the equality n, +n,
=ne (electron density) is assumed. After cessa-
tion of the discharge current, p can be neglected
in Eq. (3). Then y and n, can be solved in terms
of a„n„n„dn,/dt, and dn, /dt as

d~N dn2 1
QS ——

dt + dt + G~tlg(Ãg +tlS) ( )

of the discharge current. The data in this experi-
ment are taken after all disturbances have ceased.
The apparatus is baked to a. temperature of 250'C
(the limitation of the 0-ring seal) for about 48 h,
and then is purged with the gases to be studied for
about 48 h at flow rates of about 10 liter/h for He
and Ar and 1 liter/h for Ne. Purging is stopped
immediately before each run. The impurities of
the three gases (He, Ne, and Ar) used in this
study are 10 ppm, 12 ppm, and 10 ppm, respective-
ly. The general features of the instrumentation
are described as follows.

and y = — —L + oI n (n +n )
dn 1
dt '' ' ' nna 1

(8) A. Electron Density, Electron- and
Atom-Temperature Measurements

All quantities in the right-hand side of Eels. (5)
and (6) are measured or calculated in the present
setup except n„which is known only in some par-
ticular cases. However, under the present ex-
perimental conditions, the terms containing n, are
negligible in comparison with the other terms as
can be seen from the existing experimental" and
calculated' values of n, . Therefore, n, and y
can be obtained experimentally.

III. EXPERIMENT

The detailed description of the discharge tube
and the techniques for measuring the electron
density, electron temperature, and neutral gas
temperature can be found elsewhere. " A brief
summary of the technique, and a description of
the additional instruments for the present study
are given here.

The experimental setup is shown in Fig. 1. The
discharge tube, which consists of a Pyrex bell
jar about 45 cm in diameter and 50 cm in height,
is energized with a capacitor bank capable of de-
livering energy up to 3000 J. The electrodes of
the discharge tube are made of stainless steel.
One of the electrodes serves as a table for the
bell jar. The discharge current is triggered by
a high-efficiency three-electrode trigger switch
manufactured by Edgerton, Germeshausen, and
Grier, Inc. The discharge pinch phenomena"
cease to exist about 160 psec after the cessation

The dimension of the discharge tube is selected
so that the diffusion effect is negligible. The elec-
tron temperature and electron density, as functions
of time, are measured with a triple electrostatic
probe. " Two sets of microwave equipment, 2. 24
x10"Hz with cutoff electron density of 6.25x10»
cm-', and 8.97x10"Hz with cutoff electron den-
sity'of 1.Ox 10'4 cm ', are used to calibrate the
probe to remove the uncertainties of the dimen-
sion, accommodation coefficient, and other con-
stants of the probe by observing the cutoff elec-
tron densities during the plasma decay. The elec-
tron temperature measured with the probe is
counter checked with the spectral-line ratio
method. The neutral-atom temperature is mea-
sured by using a thin-film copper-beryllium re-
sistance thermometer.

B. Atomic-Ion and Molecular-Ion Number
Density Measurement

A time-of-flight mass spectrometer (Bendix
Corporation Basic Model 12) with a multichannel
analog output system is used to monitor simul-
taneously the atomic-ion and molecular-ion con-
centrations. The sampling of the plasma into the
mass spectrometer is arranged as shown in Fig.
2. The plasma leaks from the discharge tube in-
to the mass spectrometer through a small hole
about 0. 1 cm in diameter. The differential pump-
ing system is able to maintain a pressure ratio
between the discharge tube and mass spectrome-
ter about 10' or better. The ratio of the atomic-
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FIG. 1, Schematic diagram of experimental setup
for electron-ion recombination study.

FIG. 2. Schematic diagram of mass spectrometer
arrangement.



HE COMBI NATI ON AND ION FORMATION IN P LASMAS

and molecular-ion concentrations is obtained
from the ratio of the calibrated output signals I
of the analog system for the specific mass num-
bers. The locations of the triple probe and the
thin-film thermometer are adjusted to be about
one recombination mean free path (see Appendix
A) away from the wall, so that as far as the rela-
tive number densities of the different species in
the plasma are concerned, the data obtained from
the probe should register the same plasma prop-
erties as in the mass spectrometer. The mean
free path of the plasma in the mass spectrometer
is greater than the dimension of the instrument.
No further reaction in the plasma occurs in the
mass spectrometer, and the following relations
prevail:

n, /n, =I, /I, =I„=l/I„, (7)

IOIV

I

I

6
O

OI6

4 'b

He

n, = 6x IOI6 c~-&

nl+n2np

nl n /(1+I2l——), n2 =n I2l /(i +I ),

where I» is obtained from the mass spectrometer
measurement, and n~ from the triple probe mea-
surement. Thus n, and n, give, respectively, the
atomic- and molecular-ion number densities at the
location where the triple probe and thermometer
are situated. The atomic number density n~ is
calculated by using the expression n~=P&/kT~,
where P~, the initial pressure of the discharge
tube, is measured by using a thermocouple gauge;
Tz is the room temperature; and A; is the Boltz-
mann constant.
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FIG. 4. dn&/dt and dn /dt as a function of time for
different T .

l2

IPIS

Ipl

Kl
I
E

IO'

C4

IO'

He

nl

2

nl

n2

The typical measured n„n2, and nz as func-
tions of time t for He at two different values of
Tn are shown in Fig. 3. The values of dne/dt
and dn, /dt, obtained in a computer by differentia-
ting nz and n, with respect to time„are shown in
Fig. 4. The measured values of Tz as a function
of time are shown in Fig. 5. The values of n,
and p/n~ calculated by using Eqs. (5) and (6), re-
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FIG. 3. Measured n~, n2, and n as a function of
time for different Ta FIG. 5. Measured T~ as a function of time.
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spectively, and the data depicted in Figs. 3 and
4 are shown in Figs. 6 and V.

We note the following interesting features of
these figures:

1. The atomic ions are the main constituent of
the charged particles in the plasma, and both
atomic-ion and electron densities follow approxi-
mately the same exponential decay law. These
facts suggest that the dominant decay mechanisms
of atomic ions (electron —atomic-ion recombina-
tion and diffusion are negligible) can be expressed
by

8+8 +8-B2 +A,

and A, +e -8+8.
It is plausible that in a plasma of high electron
temperature and high electron density, such as
is obtained in the present experiment, the elec-
tron-atom inelastic collisions are expected to be
the dominating ionization process in the plasma.
The metastable atoms are more likely to be fur-
ther excited to higher bound or continuum states
by electron-atom collision rather than by metasta-
ble atom-atom collisions as in the case of lower-
energy and -density plasma discussed in Ref. 18.

2. The atom or ion temperature T~ in a single
run is observed to be a constant in the measure-
ment period. Change of T~ can only be accom-
plished by changing the discharge conditions (con-
denser voltage, discharge current, pressure of
the gas, etc. ). The constancy of T~ is expected
to be the case. The atom temperature is raised
mostly by the ohmic heating during the discharge
period. The energy transfer from electrons to

IP-

He

n~ = 6X IOI~ cm ~

atoms or ions through electron-atom or electron-
ion elastic collisions in the whole measurement
period has been estimated to be only a very small
fraction (" 1/10~ —1/10') of the gas energy content,
which is calculated from the measured data of
atom temperature and gas pressure. The convec-
tion and conduction heat losses are negligible in
the present experimental setup during the observa-
tion time interval of the order of a few milli-
seconds. It is worthwhile to mention here that
the resistance thermometer is slightly heated by
the current flowing in the strip (380'K), so the
measurable gas temperature must be higher than
the initial strip temperature 380'K.

3. For aconstant gas pressure, the initial elec-
tron density increases, and the electron tempera-
ture decreases with increasing discharge current
in the range of the present experiment. The peak
current density of the discharge current pulse in
the present experiment is about 60-320 A/cm',
so the discharge characteristic is in the negative-
resistance regime. " The oscillograms shown in
Fig. 8 depict clearly the negative-resistance
characteristic during the early discharge period,
where the discharge current increases. as the
voltage decreases. In the initial few microseconds.
the voltage across the discharge tube drops from
a few thousand volts to a few hundred volts. The
rate of decrease of the discharge voltage is faster
when the discharge current is larger. Following
the current peak, the voltage drops below the
voltage able to maintain the arc and the discharge
process ceases. The voltage and current charac-
teristics are then those of a circuit maintained by
a decaying capacitor, where a small current is
flowing in the afterglow plasma. Under the pres-
ent experimental conditions, an increase of the
peak discharge current is accompanied with the
decrease of the discharge-maintaining voltage.
It is understood" that the initial electron density
increases as the discharge current increases, and
the initial electron temperature decreases as the
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FIG. 8. Two oscillograms showing typical discharge
conditions for He (see also Table Q. Ordinate: discharge
current I in 1170 A/main division, discharge voltage V
in 220 V/main division; abscissa: time in 10 psec/main
division.
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electric field (proportional to the maintaining
voltage minus anode and cathode drops) in the
positive column decreases. Therefore, the initial
electron density increases, and the initial electron
temperature decreases, as the discharge current
increases. The parameters for the two oscillo-
grams of Fig. 8 are shown in Table I. However,
in a small discharge current regime, both the
electron density and the electron temperature can
increase as the discharge current increases.

4. The values of a, increase as electrontempera-
ture decreases. Furthermore, in the plot of the
values of n, against Te +, a linear trend can
always be obtained by adjusting the value of n.
This suggests that the data of n, can be fitted
into the form u2 =K/Ten. (The theoretical calcu-
lation also indicates the same possibility as shown
in Sec. IV. ) For example, in doing so, for the
data presented in Figs. 3-6, straight lines as
shown in Figs. 9 and 10 are obtained. The values
of n and K thus obtained are as follows: n = 1.48,
K=1.9x10-' cgs units, for Ta-—410'K; and n
=0.36, K=8. 7x10 ' cgs units for Ta =1250'K.
It is interesting to note that n, K, and n, (at
Te =300'K) vary as T~ changes. The dependence
of n, K, and n, on Ta will be discussed in Sec. IV.

5. The values of y as expected are independent
of Te within the experimental error as shown in
Fig. 7, and increase as Ta decreases. Both ex-
perimental data and theoretical calculation (Ap-
pendix 8) indicate that y can be fitted with the
form y =K'/T~n. The straight line obtained by
plotting y against 1/T~n for He gas with n = 0. 24
is shown in Fig. 11. The result of reduction of
the complete data for three rare gases by using
the same procedures as described above is pre-
sented in Sec. IV.
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FIG. 9. e2 as a function of Te for He at T~=410'K.

IV. RESULTS AND DISCUSSION

A. Coefficient of Dissociative Recombination

As described in the last section, the data ob-
tained from the present setup for values of e,
can be expressed empirically as

K(7 )/& n(Tg)
2 a e (10)

n = CT -'~'
2 e

in which C stands for k'/2(2n'mk)'~' W/W (where
h is the Planck constant, m the electronic mass,
k the Boltzmann constant, TV and 8'+ the statisti-
cal weights of the relevant electronic states of
the neutral molecule and of the molecular ion,
respectively), w~ for the lifetime against auto-
ionization of the captured electron, 7'p for the
lifetime of the mutual-repulsion stabilization
process in which the constituent atoms move

The values of K and n as a function of Ta for the
three rare gases He, Ne, and Ar are shown in
Fig. 12 and Fig. 13 (Refs. 20-23). The extrapo-
lated values of the dissociative recombination
coefficient at 300 K also manifest their dependence
on T~ as shown in Fig. 14 (Refs. 24-30). The
results can be explained qualitatively as follows.

The dissociative recombination coefficient n,
can be expressed as"

Z0(&,
+@0(T )~ (»)

a 0 e

TABLE I. Parameters for the two oscillograms of Fig. 8.

Picture Condenser bank
in Fig. 8 initial voltage (V)

4800
19000

Max (I/A)
(A/cm2)

59. 0
310

V at max I
(v)

450
210

Initial Te
( K)

4.8 x 104
2 x ].04

Initial Ne
(cm )

2 x10"
4 x 10~4

Ta
('Ia

1250
410

a
A = electrode area= 290 cm .2
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apart by virtue of the Franck-Condon principle,
and

g0(T )=j f0(e)e de,

Io-e—

IO-e
0

I

IOOO

with I4,(R)l dR/de= f,(e).

f(g)-0 as e-~,
~d fc(e)-m as e-0, (14)

II.S— He

K =5.IXIQ ng

II4—

In the last expression 4,(R) is the normalized
vibrational wave function of the molecular ion,
A the internuclear distance, and & the energy
supplied by the electron in vertical transition
from a molecular ionic state to a repulsive state
as shown in Fig. 15. It can be seen from the
potential energy curves of states that

Tg, K

FIG. 12. X(T ) as a function of atom temperature T .

where m is a finite number or zero and its value
depends upon the relative configuration between
the two potential curves and the values of the vi-
brational wave functions.

After integrating by parts and imposing the con-
ditions indicated in Eq. (14), Eq. (12) becomes

g0(T ) =a(kT )+b(kT ) +e(kT ) + ~ ~ ~, (15)

wherea, b, c, ... areequalto f,(0), f, '(0), f„"(0),
~ .. , respectively. Here f,(e) is assumed to be a
well-behaved function. Thus
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FIG. 13. n(T ) as a function of atom temperature
T~. Point a (Ref. 21), point b (Ref. 22), point c (Ref. 22),
point d (Ref. 20), point e (Ref. 23).
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C
2 T 3/2

e

a(kT )+b(kT ) + ~ ~

. (16)
+ [a(kT )+b(kT )'+ ~ ~ ]ra e e p

where n =4m'y, cu/k (g is the reduced mass of the
atom, c the velocity of light, zv the vibration con-
stant, k the Planck constant), and R, is the equi-
librium internuclear distance. According to Refs.
31 and 32, m is approximately equal to 1000 cm '.
The maximum values of I 4,(R) I2 for the gases
studied are of the order of 10' cm ', and dR/de
is estimated to be of the order of 10' cm/erg.
Thus under certain conditions, the term contain-
ing wp in the denominator of Eq. (16) can be
greater than v~. For example, if

Since v~ in most cases is of the order of 10 "
sec and v of the order of 10 '~ sec,"the values
of [a (k Ts + b (k Te )'+ ~ ~ ~ ] play an important role
in the electron-temperature dependence of n2.
If va«(7p term), n=~~. On the other hand, if
(7 p term) « va, and only the first-order term
in g, (Te) is considered, therm= —,'; however,
when the higher-order terms in go(Te) become
influential, n can be less than —,'.

To estimate the value of f,(0), the following
harmonic oscillator vibrational wave function" ~"
is used

1

Ie,(R)I =(2 ~l) '(~/v)'e ', (»)

STATE

He+He

I NT E R N UC LEAR D I STANCE 8'

FIG. 15. Schematic diagram of the potential curves
for He2+, Ne2+, and Ar2 .

=10-" sec w =10 '4 sec (Ref. 14)8 P

I y (R) I = 10' = 10' cm/erg, T = 5000'K,

then the term containing v~ is greater than Tg.
In this case, the Te dependence of n2 appears to
be as if the mutual-repulsion stabilization pro-
cess is the limiting step in the dissociative re-
combination reaction and n = —,. Of course, 7~
can be greater than vp term under a different
condition. In this case, n= 2 or ( —,', depending
on the higher-order terms in g,(Te).

To explain the T~ dependence of n and K, ref-
erence is made to Fig. 14 for the following three
cases:
(1) He: At room temperature, it is reasonable to

assume that the vibrational states are in the
ground state v = 0. The repulsive-potential curve
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is assumed to intersect the e = 0 state at the
middle point as shown in Fig. 15 (He, B) where
$,(R)' is a maximum at e =0. The wp term in
Eq. (16) may become larger than z~. As can be
seen from Eq. (16), the electron temperature de-
pendence of the dissociative recombination coef-
ficient in this case obeys the n = ~2 relation. For
this lower Ta case, the general trend both in ab-
solute value and electron temperature dependence
of n, agrees fairly well with the work of Chen et
a/."whose results for He at 300'K are n, =8x10 '
cms/sec, n = +. As the gas temperature is raised,
the higher vibrational levels are populated. For
instance, if at a moderate gas temperature Ta
somewhere near 1000'K the transition to the re-
pulsion states originates predominantly from the
first-excited vibration state g = 1, and if the inter-
section of the repulsive-potential curve with the
level of the first-excited state is at a point where
I g, (A) l' is small, as shown in Fig. 15 (He, A),
then the za can be greater than the vp term. The
electron-temperature dependence of n„in this
case, obeys the n =-,' relation. Furthermore, when
the second term in g0(Te) is sufficiently large to
influence the value of g0(T ), the electron tempera-
ture dependence of I, 0(Te) appears to be a higher
order than linear. Therefore n can be less than
—, , which explains the results obtained in the pres-
ent work where n=0. 36 at Ta =1250'K. Since a,
is directly proportional to g0(Te), and g0(T~) is
influenced by the higher vibrational level popula-
tions which are determined by Ta, the Ta depen-
dence of n, can readily be understood.

(2) Ne: If the repulsive-potential curve inter-
sects the levels z = 0 and z = 1 at points where
l(,(R) P has about the same small value, as shown
in Fig. 15 (Ne, A and B), the values of n and A
should be insensitive to Ta. The present experi-
mental results support this hypothesis. At Ta
= 300'K, satisfactory agreement is shown between
the present results and the work of Frommhold,
Biondi, and Mehr, "where o., =1.Vx10-' cm'/sec
at Te ——300'K, n=0. 43.

(3) Ar: If in this case, the situation is just the
opposite as that described in (1) above for He, and
A is greater than B as shown in Fig. 15 (Ar, A and
B), then, n=a2 at higher T~ and n = —,

' at lower T~.
This trend is supported by both the present experi-
mental results and the results of Fox and Hobson"
(@2=3 x10 "cm'/sec at Te =300'K, n = a2 at T~
= 1—3 x 10"K) and Mehr and Biondi" (o., = 8. 3 x 10
cm'/sec at Te = 300 'K, n = 0. 7 at T~ = 300' K) .

The above description is a simplified physical
model to explain the res»Its obtained in this ex-
periment. In fact, there are many more compli-
cated processes taking place in the plasma.
Several vibrational levels z may be important for
higher gas temperatures. As pointed out by
Bates," in that case g0(T ) should be replaced by
a more complicated expression. Furthermore,
account should be taken of the possible dependence
of vp on q and vibrational energies.

B. Molecular-Ion Production Rate

The Ta dependent coefficient of molecular-ion
formation obtained from the present data for Ta

ranging from 300 to 1500'K can be expressed as
follows (for He as shown in Fig. 10):

He y = 5. 1 x10-"xn T " cm'/seca a

Ne y=3. 1x10 "xn T ""cm'/sec (18)a a

Ar: y=4. 4xl0 "xn T " cm'/sec.a a

The values of y/n~ for He, Ne and Ar at 300'K
(y normalized to a single atom) are

He: 1.3 x 10 "cm'/sec,

Ne: 8. 5x10 "cm'/sec,

Ar: 9.4x10 "cm'/sec.

(19)

The first two values are in fairly good agree-
ment with the results of Beaty and Patterson, "
which are l. 1x10 "and 5. 8x10 "cm'/sec,
respectively. Their latest figure for Ne is 7
x10 "cm'/sec. The T~ dependence of y agrees
fairly well with the theoretical expectation (Ap-
pendix B). No electron-temperature dependence
of y can be established for the data obtained in
this experiment.
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APPENDIX A

The collision frequency v& resulting in the dis-
sociative recombination between molecular ions
and electrons can be expressed as

v~=C Q~n = Q2n (A1)

and that between molecular ions and neutral atoms
via as

v. =C.q. nia i ia a' (A2)

where Ce and Ci are the thermal speeds of the
electrons and ions respectively, and q& and gaia
are the cross sections for dissociative recombina-
tion and ion-atom elastic collisions, respectively
(elastic collisions between ions and electrons are
negligible because the degree of ionization is
small).

The number of the ion-atom elastic collisions
taking place between two dissociative recombina-
tion events is

(A3)

According to the three-dimensional random-walk
theory, "the effective dissociative-recombination
mean free path X~ can be written as

= (8/3 w)N '~2 X .8 ia
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1.26x10 4(T./m. )'14

),~, , N&) 1,jn z q. ~2eiaa
(A4)

where Xfs = 1/(qf~n~) is the mean free path for
ion-atom collisions. The values of qua are taken
from Varney's work. ~v

APPENDIX 8

Under the premise that two different particles,
A and 8, will attach to each other if their total
relative energy ever becomes negative (that is,
if their kinetic energy of relative motion E ever
becomes less than the potential energy of the
system), Natanson" has refined Thomson' s"
calculation to obtain the rate of the event g to be

dq/dt = ~5vn&n rl'g=yn&n

&)) e'/k T, X ))xl,a'

where V is the relative velocity of the particles,
nA and n& the number densities of particles A and
8, respectively, ~ the mean free path of the parti-
cles, e the electronic charge, and x, the critical
distance obeying the following relation

a2kT =5 Fdx,
1

(B2)

where I' is the law of force between particles
A and B.4'

In carrying over this calculation to the molecu-
lar-ion formation case, I' has the form

(B3)

where n is the polarizability of the atom. On
integration, Eq. (B2) yields

4 20e
1 3$Ta

(B4)

From Eqs. (Bl) and (B4), and since V~ T~'~',
y can be expressed as

3/4
y = l 2o'.e'/3k T I ~ vv ~ T '"

a (B6)

In the last expression, the populations of the high-
er electronic states of the atoms are assumed to
be small in comparison with that of the ground
states, so that n is a constant independent of Tz
and Ta. Otherwise n (which changes as the
electronic states in the atom change) would be a
function of Ta and Te because of the dependence
of the population of higher electronic states of
the atoms on Ta and Te.
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Collisional-Radiative Recombination of Ions and
Electrons in High-Pressure Plasmas in Which the Electron

Temperature Exceeds the Gas Temperatures'

C. B. Collins
Southwest Center fox Advanced Studies, Da/las, Texas

(Received 5 August 1968)

The recombination rate of electrons in a hypothetical helium-like plasma at high pressure
is calculated for cases in which the gas temperature is fixed at 300'K, and the electron
temperature is varied from 300. to 2000'K. Neutral co11ision-induced recombination and

electron collision-induced recombination are considered for ranges of electron density from
10 to 10 cm and gas densities from 10 to 10' cm . An inverse three-halves dependence
of recombination coefficient on electron temperature is found for certain densities.

INTRODUCTION

Theoretical considerations of collisional-radia-
tive recombination of ions and electrons have been
recently extended'~' to include neutral collision-
induced recombination of the type proposed by
Bates and Khare, ' as well as electron collision-
induced recombination processes, 4 for the case of
thermal equilibrium between the free electrons
and the heavy particles. In many experimental
situations, the temperature of the electrons is
higher than that of the heavy particles, either as
a result of external heating of the plasma by some
means such as microwave pulses, or by heating
as a consequence of internal-energy sources. Of
particular interest in such cases is the dependence
of the recombination rate coefficient on electron
temper ature.

This paper reports a further extension of recom-
bination rate calculations to plasmas having a neu-
tral temperature of 300'K, and an electron tem-
perature varying from 300 to 2000'K. Idealized
ions of mass 4, with hydrogenic energy levels,
were used in the calculations. Since the electron
collision- induced recombination mechanisms are
only slightly sensitive to the nature of the ions
undergoing recombination, recombination rates
for these idealized ions should reasonably approxi-
mate the recombination of He+ with electrons. Con-

versely, since the neutral collision part of the re-
combination process is mass dependent, only the
qualitative aspects of the calculations would per-
tain to the recombination of other ions.

THEORY

The range of processes included in the calcula-
tions are essentially the same as those used by
Deloche, '~ '

X +2e= X (P)+e,

x'+e+x=x*(p)+x,
x++e -x*(p)+hv,

X*(p)+e ~x*(q)+e, p)q,
x (p) +X = X (q) + X, p )q,

x" (p) - x*(q)+hv, p)q,

(2)

(4)

where X*(k) denotes the kth excited state of the
neutral atom. Rate coefficients for processes (1)
and (4) were calculated by the Gryzinski approxi-
mations, ' rates for (3) were taken from Bates and
Dalgarno, ' and rates for (6) from Green et al. '
Rates for (5) and the inverse of (2) were calculated




