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Medium-pressure glow discharges are widely used in pumping fast-flow molecular lasers.
Electron detechment from negative ions is important in relation to the current-flow mechanism
and to the description of the energy balance and the discharge instabilities. Although there
is some experimental evidence for an important role for detachment in the mechanism [1], it
is still largely an open question how such processes can influence the discharge character-
istics.

There are three groups of electron-detachment processes from negative ions in a medium-
pressure glow discharge:

1) electron detachment in the collision of negative ions with molecules [2]:
3 -
07 U, > H,0 +¢, k== 610710 om /sec; (1)

2) detachment in the collision of negative ions with metastable particles, with the
concentration of these increasing with the energy deposition in the discharge [2]:

07 + 00, e, i, = 31071 cm®/sec; (2)
0y +0,(*2,) =20, -+ ¢, k= 2.1071 cm® /sec (3)

3) detachment when negative ions collide with molecules due to the high kinetic energy
of the ions taken up from the electric field in the discharge [2]:
05 + 0, +-0.43eV 20, — ¢, k,; = 2.2.10718 cm®/sec 4

T =300K and k;=3-1071% at 7=600 K.

The rate constants for these types of elementary processes are dependent very substan-
tially on the type of negative ion, which remains somewhat undetermined because of the abun~
dance of fast ion-molecule reactions and the presence of uncontrolled impurities under real
conditions. Therefore, im a numerical study it is reasonable to vary the detachment rate
constant within fairly wide limits.

The effects of a type (1) process have been examined when the detachment frequency vg
is independent of timé as regards the parameters of a positive column (PC) [3]: the voltage—
current characteristic (VCC), the distribution of the electron concentration g, and the
same for the positive and negative ions g4 and gq.. In an inhomogeneous PC, detachment usually
produces a voltage increase across the PC. A study has been made [4] of the effects of pro-
cesses such as (2) on a PC when vq increases with the energy deposition, where it was shown
that the accumulation of detachment particles alters the electric-field distribution in the
discharge and produces a nonmonotone distribution of the ion currents in the PC, which con-
tain striations moving towards the anode.

No previous detailed studies have been made of the effects of detachment of the type
of (1) on the anode region (AR) in the discharge, or of the effects of processes of the type
of (4) on the PC and AR. The present study fills this gap.

A difference from [3] is that the current-flow mechanism is considered without assuming
that the plasma is quasineutral, which thus incorporates the anode region.

A numerical solution was obtained to a system of equations describing a three-component
glow-discharge plasma in the one-dimensional approximation (the plasma contains positive and
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negative ions together with electrons); see {5] for a detailed analysis of this system of
equations:

0910t + 0. qr £)/0x = vige — ko§ofr — Frg-gs; (5)
dq 101 — dlu_q E) bz == vq, — kpg_g:— vaq_s %)
j=0k, 0j/0r =0, 0 = ui0y + pog- -+ B

0E/dz = dng, ¢ = ¢+ — ¢_ — g} 7
L (8)
U':Aj(f% +l§%;), (9)

0

where v;, Vg, vq are the frequencies of ionization, attachment, and detachment; ke and k.,
rate constants for electronmdion and ion—ion recombination; ug, W4,U_, mobilities of the
electrons and of the positive and negative ions; j, current demsity; o, conductivity; q,
space~charge density; U, voltage from the power supply; and Ry, ballast resistor.

We denote by o + ugq = S the quasineutral conductivity, with S = 0 1f q = 0. We sub-
stitute E = j/¢ from (7) into (8) and determine j from (9) to get

g = -1 U 9 ( 1
T dm dr gz \S§ —p q) '
rot [ 55 : (10

as an integrodifferential equation of q, which will be used instead of (8).

The boundary conditions for (5) and (6) are formulated as follows: q+IA = 0, q_!c = 0,
with A and C denoting the anode and cathode, correspondingly, here and in the figures., The
boundary condition for (10) is put as a zero space charge at the cathode boundary, i.e.,

we specify quasineutrality: q[c = 0.

Therefore, the cathode boundary in this case denotes the actual boundary of the cathode
region — positive column (subsequently called the cathode), and we eliminate the cathode
region from consideration. Then we subtract the cathode potential drop Up = 400 V from the
source voltage.

We solve (5) and (6) for g4 and gq_ by means of standard difference schemes, i.e., we
perform a step in time and determine S = aqy + bq., @ = Uy + Hg, b = u_ — u, in the new time
layer. It is then necessary to solve (10) for S with respect to q(x). We describe a suc-
cessive~approximation procedure for (10) on a difference net in x:xy = th, 1 =0, 1, ..., N,

with h the space step. As the zeroth approximation, we take q° from the previous time layer:
7

we put ﬁ = /%, We substitute j° in (10) and integrate the left part by means of

R:)_‘"Y dz
v S — g

¢

T g1 0 ;
lﬁwkgﬂi-h:: ! — 4 ) to get an algebraic equation for

the trapezium formula — : Z?’( ! - -
- TS ety S g

qi$1. As we know that q]c = () at the cathode, we calculate the distribution ql(x) succes—
sively up to the anode. The result q' will be used as the new approximation and the pro-
cedure is repeated. The convergence is checked and the calculations are continued until
good accuracy is attained. Then we determine j from (9), 0 = § — ugq, and also E from (7).
We perform a new time step, and so on.

The values of the coefficients in (5) and (6) were taken from [6], apart from vg. We
took the detachment frequency in processes of the type of (1) as comstant: vgq = 3¢10* sec™’,
while the rate constant for detachment of the type of (1) was taken in the form

ky = Ay E exp (—BplE); (11)

ky = Ayu_E exp (Bp*E?), (11a)

where one usually has A, = 5.610~*®cm®, B, = 113 msPa/V, B, = 2430 m®*Pa®/V?; then kg =
1.1¢10"** cm®/sec for E/p = 27 V/mePa.
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During the solution of the nonstationary problem, we found stationary distributions
for 44, 4, qes and E for all the given values of the detachment coefficients of the type

of (1) or (&4).

We now consider the results for detachment of the type of (1) on the AR and also on
the VCC. We assume that detachment that reduces the charge density in the AR increases
the size of the anode layer, and therefore the anode potential drop Up should increase.
Our results, however, show that such arguments are incorrect, because it must be borne in
mind that detachment alters also the characteristics of the PC, and therefore affects the
boundary conditions for the AR at the boundary of the AR and PC. Figure la shows distribu-~
tions of E/p, while Fig. 1lb shows the concentrations of positive ions (solid lines) and
negative ones (broken lines) in the gap between the electrodes, with curves 1 and 2 corre-
sponding to the following detachment frequencies: 1) vg = 0; 2) vy = 3¢10“ sec~*., The
pressure was taken as 8 kPa and the current density as j = 5 mA/cm2. Figure 1 shows that
in the presence of detachment (case 2) the ion concentration is reduced by a substantial
factor, while there is a slight rise in the eleectric field strength (a) in the PC [3] and
a reduction in the field in the AR by comparison with the case vg = 0.

Figure 2 shows the dependence of the.anode potential drop on the distance between the
electrodes for the same j and p as in Fig. 1. The increase in Up with h agrees with experi-
ment [7]. Figure 2 implies that the anode potential drop in the case of constant-frequency
detachment (curve 2) is lower than in the absence of detachment (curve 1), while the depen-
dence of Up on h is weaker.

The behavior of Up(h) indicates only a small role for detachment under the conditions
of {7] and that the PC was inhomogeneous along the discharge current.
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The case of detachment of the type of (4) is more complicated, as the detachment fre-
quency is a function of the electric field. We consider this in more detail. We assume
that the plasma is stationary and write the condition for quasineutrality for the weakly
inhomogeneous glow discharge [3]:

(vi + v = 2k,grq_ + kgogs -+ Vaq_- (12)

It can be shown that in o = jo/j, E/p coordinates (7) is represented by curves that
differ substantially for vg = 0 (curves 1 and 2 in Fig. 3) and vgq = v4(E) (curves 1' and
2'), with the relationship taken from (11). The numbers 1' and 2' correspond tc different
values of the current density, with the value of j corresponding to 1' less than that of j
corresponding to 2°'.

In the case vq = const there is a single-valued relation between o and E/p. In the
case vg = vq(E/p), a given ratio of the ion and electron currents may correspond to two
values of the electric field, one value, or none at all. The minimum in o(E/p) for a quasi-
neutral plasma is readily found if we differentiate (12) with respect to E and equate da/dE
to zero (point A in Fig. 3):
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Near the cathode, o = 1, with a fall to the anode in accordance with the law defined by

. ]"./ dj? N 7

‘id—;./_' = —JT =y (‘\'; — V) e — Ife’-]fc’l—{- + Vdg—— (13)
(je is the electron current density), which follows from (5) and (6). The value of E/p in-
creases monotonically near the anode (point B in Fig. 3). In the case vy = 0, the homoge-
neons state in the PC is attained with real values for the coefficients at vy = vy [3],
while in the case v, = 0 it 1s attained at vjugE = kgj, and in the case vg,, Vg # 0 at
1—o e

Vg, Vg =0 , where v,22vy

We have Vg > VU, for these values for the coefficients, so point B should lie at values
of a larger than the minimum in «(E/p), and states of the PC plasma lying to the left of
point B in Fig. 3 are not realized in practice.

Therefore, if we consider the behavior of the PC plasma parameters from cathode to
anode, in the case vg = vd(E/p) there can be a marked discontinuity in the electric field
(with deviation from quasineutrality) without discontinuity in the ion currents at suffi-
ciently large distances between the electrodes.

On the cathode side of this step, the charged-particle balance and the electric field
are determined as usual [3] by the balance between the rates of attachment (for 9q/9x) and
recombination (for 3q4+/3x), and the ion currents increase from the cathode to the step, as
(5), (6), and (12) show. On the anode side of the step, there is a region where the elec-
tric field strengths are high, and here the charged-particle balance and E/p are determined
by detachment (3q-/3x) and ionization (8q+/9x), with the ion currents falling from the step
towards the anode [5, 6].

The values of B, in (11) or Bz in (lla) characterize the rate at which vq increases
with the electric field. Calculations show that change in B, or B, with the corresponding
choice of Ao does not have a substantial effect on the field distribution in the PC and AR.

Figure 4 shows calculated E/p distributions as affected by (a) the amplitude Ao, of the
detachment as specified by (11) (B = 150) or (b) by the slope By or Bz in (11) and (11a).
If the value of Ao, is small (curve 1 in Fig. 4a, Ao = 2.8-10“16), the distribution of the
PC and AR parameters is analogous to that in the case vg = 0 (curve 1 in Fig. la, which cor-
responds to the stationary distribution of E/p in the PC obtained by the method of [31,
which is shown by curve O in Fig. 4a).

As A increases, an elevated-field region EFR arises at the anode, which is separated
by a sharp step in the field from the rest of the PC, in accordance with the above current-
flow mechanism. Above a certain value of Ay, the coordinate dependence of the electric
field becomes nonmonotone, and in the EFR adjoining the anode there may be one or more lo-
cal minima (curves 2 — Ao = 2.8¢107%¢, 3 - A, = 8.4¢107° in Fig. 4a). Figure 5 shows the
distribution of the ion currents in the PC for these cases, which agrees with the above
current-flow mechanism.

The calculations also show that at a given current density the potential difference
across the discharge increases with A in (11) and (1lla). The size of the EFR, including
the AR, is the larger the higher the pressure and the lower j (this dependence on j and p
i{s also characteristic for the AR in the absence of detachment [8]). These laws apply
also to the potential difference on this region: The field strength falls as the current
density increases and the pressure falls. If the value of this potential difference is
comparable with the potential difference across the PC, and the Uefr(j) dependence is strong,
then the potential difference across the entire gap may decrease as the current density
rises. A negative VCC for the discharge was in fact obtained in the calculations (A =
5.6+107*¢, B, = 150), for example in the region of j = 2-10 mA/cm® at p = 8 kPa, when Upc(J)
increases slightly but Ugfy(j) falls rapidly. On further increase in the current density,
U,. increases more rapidly, while Uggy is small and on the whole the VCC for the discharge
at j » 10 mA/cm® is a rising one. The VCC has a minimum at j = 10 mA/cm®. As the pressure
falls, the minimum on the VCC is attained at smaller j and vice versa.
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The presence of an EFR with a falling VCC should affect the stability of the discharge
with respect to the formation of spots and filaments near the anode. This is a familiar
phenomenon in experiment, and one of the mechanisms for it may be that described above.

We now consider the effects of detachment of this type on Up. Detachment of small am—
plitude Ao ~ 2.8¢107'° is expressed in (6) as an increase in the size of the AR without ef-
fect on the processes in the PC, and, correspondingly, in an increase in Up (curve 3 in Fig.
2). Any further increase in A results in a region of quasineutral plasma with elevated
values of E/p near the anode, which it is undesirable to consider as the AR, while the value

of |Edz over this region should not be taken as the anode potential drop. Then the value
fde taken over this region near the anode, where there is a considerable deviation from

quasineutrality, is much smaller than in the absence of detachment on account of the EFR.
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