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The coefficients of resonance electron trapping by the autoionization states
3s4Ds 5 (7.8 €V) and 55"?Ds 5 (8.32 €V) of the Cu atom have been measured to be

4.0-10710 gnd 2.510710 ¢cm3-s71,

The atom Cu possesses a number of shifted
(Beitler) states, most of them (~110, see Ref. 1) lying
above the first ionization boundary (Fig. 1). Some
energy levels of atom, lying above the first ionization
boundary, appear to be unstable. Atoms excited to
these levels have a high probability of spontaneous
transition to ionized state without change in energy,
and this process is referred to as autoionization. For
example,

Cu (55'D5 ») — Cu (ISy) +e.

The reverse process, resonance recombination
(resonance electron trapping)

Cut (IS)) +e—Cu(5s 4D5/2)

is possible too.

Due to autoionization, these states feature rather
short lifetime, resulting in smearing (anomalous
broadening) of emission lines at transitions from these
levels. Shown in Fig. 2 is the spectrum of Cu+Ne laser
emission in operating mode, where very strong and wide

autoionization  lines of Cu from 55'4D3/2y5 /2
552D3 5 5,/3, and 55"2D3 /5 5 /5 are clearly seen. The basic
parameters of these lines measured by us and by other
authors are tabulated in Table I.

The lines corresponding to transitions from the levels
554Ds5 5 with E, =7.80eV and 55Dz, with
E. = 7.88 eV are strongest.

Autoionization lines of Cu are due to transitions
from short-living shifted levels

14 r2 "2
5 S D3/2y 5/2» 5 S D3/2y 5/2» and 5 S D3/27 5/2-

The probability of autoionization to the level

5s’4D3/2y5/2, estimated from the width of corresponding
lines, is W, ~ 1012571 which is three-four orders of
magnitude greater than the probability of radiative
processes. Comparison of the collision and autoionization
line widths shows that collision transitions, depleting the

levels 55'4D3/2y 5,2, are also improbable as compared to
autoionization. For example, according to Ref. 2,
Woeor 10951 at n, =106 cm™3, where W,, is the
frequency

0235-6880,95,/11 901-04 $02.00

corresponding to atomic transition from
autoionization to bound state.

Analogous relations for the probability of reverse
processes follow from the principle of detailed
balance.?

Thus, the primary mechanism of the
autoionization level population is the resonance
trapping of free electron, i.e., the process reverse to
autoionization being the first phase of dielectronic
recombination.

This is why only autoionization and resonance
trapping of free electron3 should be considered in the
balance equation for autoionization level

—ny Wye tmen A=0, (1)

where n, is the population of autoionization level, n; is
the ion number density, A is the coefficient of
resonance electron trapping, related to the coefficient of
dielectronic recombination a4 as follows:

aq =AB/ (W, + B), (2)

B is the probability of stabilization, and B << W.
The relation between W,. and A follows from the
principle of detailed balance

ny Wae = ng n; A, (3)

where n0 are the equilibrium number densities of the
ground state of the atom at temperature T.

From Egs. (1) and (3), using dimensionless
parameters y = n/n%, we can obtain y, = y.y;, or, if
there are ions of only one kind in plasma (under
conditions of Cu-vapor laser discharge, one can take
into account only ionization of Cu), y, = y2. The last
means that the autoionization level is in the relative
equilibrium  with electron continuum, and its
nonequilibrium population y, < 1 can be only due to
the ionization nonequilibrium y, < 1. Nonequilibrium
due to plasma recombination mode (y,> 1), for
example, in collapsing plasma, must result in relative
strengthening of autoionization lines, which was
observed in our experiment under conditions of
copper-vapor laser afterglow (Fig. 2).
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FIG. 1. Scheme of terms of the atom Cu.
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FIG. 2. Sections of the gross spectrum of discharge emission in laser operating mode with strengthened Cul lines:
lines corresponding to transitions from n?D3 /9 5 /9 (a) and Cu autoionization lines (b).



(4)

must hold true. In Eq. (4), W, is the frequency
corresponding to the transition from the state of
continuous spectrum to autoionization state (or
transition probability), W, = An,; W,. is the
frequency corresponding to reverse transition, i.e., the
probability of autoionization; FE, is the energy of
autoionization level excitation counted from the
boundary energy of continuous spectrum; g, and g, are
the statistical weights of electron autoionization state
and states of continuous spectrum, and due to frequent
transitions between these states, they are considered
here as one state with the statistical weght?

(W /g0 e 5T =W /g,

9e = (ge gi/n) [m T/ 112,

where g, and g¢; are the statistical weights of electron
and ion, respectively; T is electron temperature; and, m
is electron mass.
From Eq. (4),
quantities, we obtain

having substituted the needed

A=W,y (ga/2g) [2nh/(m TP e Ea/T (5)

As follows from Eq. (5), to find the value of A,
we must know the probability of autoionization W,
and the electron temperature T for the conditions under
study.

V.F. Elaev Vol. 8, No. 11 /November 1995,/ Atmos. Oceanic Opt. 903
TABLE 1.
Width, cm™!
A, nm E|, eV E, eV Transition I Our
measurements Refs. 8 and 9
485.6 5.78 8.32 4 p' 2D2/2 — 5" 2D5/2 75 3
479.4 5.51 8.09 4p DY, — 552Dy 150 9.2 6.5
476.7 5.72 8.32 4 p' 2D§/2 — 5" 2D5/2 75 3
469.7 5.21 7.88 4p 'FS =55 Ds 350 4.5 4.5
r 0 r
467.4 5.15 7.80 4p 41:5/2 —5s 4D5/2 500 2.8 2.5
464.2 5.42 8.09 4p' 2FY ) — 55 2Dy 150 3
458.6 5.10 7.80 4p' 41:9/2 —5% 4D5/ 1300 2
453.9 5.15 7.88 4p' 4]:(5) 9= 58 4D3 /9 800 2
441.5 5.08 7.88 4p 4p(1)/2 — 54 4D3/2 200 2
437.8 4.97 7.80 4p' 4pg 9= 58 4D5 /9 550 2
r 0 ’
425.9 4.97 7.88 4p ngﬂ —5s zDS/z 150 3
417.6 4.84 7.80 4p P, —55 D5, 100 2
450.7 5.57 8.32 4 p' 2]:9 9y — 58" 2D5 /5 200 8.5 8.7
Let us calculate the coefficient of resonance Re,cm™ L eV
electron trapping A for autoionization levels of the Cu 102 0.6
atom based on our measurements of populations n, and - Y tee.,
plasma parameters n, and T, in copper-vapor laser - e, .
discharge afterglow, which are shown in Figs. 3 and 4 4 04 x ® . . ne
and reported in Ref. 4. - L. * .
According to the principle of detailed balance, for 2 0.2k CXxxex x4 4
any autoionization level the condition " ’ | | | |
107" 0 5 10 15 1 us

FIG. 3. Temporal behavior of the electron number
density and temperature in the period between pulses
of Cu—vapor laser discharge with a pulse repetition

rate of 8 kHz.
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FIG. 4. Distribution of populations over excited states
of Cu atom in the period between pulses of the Cu—
vapor laser discharge.
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From balance equation (1), the coefficient of
electron trapping can be derived as A = n,W,./ (n, n).
If only one kind of ions is taken into consideration,
which is well satisfied for Cu-vapor laser discharge,
then

A=n, Wac/ng. (6)

To determine A, we must measure the population of
the autoionization level n, and the electron number
density n,.

The calculations were done for the levels:
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155 D5 /9, E=7.80eV; W,=0.75-10"'s ' (2.5¢m 1),

2) 557%Ds 5, E;=8.32eV; W,c=2.610"'s (8.7 cm )

at an instant of maximum afterglow of autoionization
line, when T, dropped down to approximately gas
temperature, and n, was maintained about its maximum
value. This instant was within 5 ps after beginning of a
current pulse whose duration was 0.3us. At this
instant, according to our measurements, T.= 0.3 eV,
ne=710% em™3, n,=310%cm 3 for 5s4Ds,, and
n, = 6.5-108 cm™3 for 55"2Dj5 5. The calculated results
are presented in Table II.

TABLE I1.
Lo 10 3.—1 | Expression used for calculation
Autoionization level of Cul | A-10710 c¢m3s

55 'Ds 5, 7.80 eV 4.0 g=w o (M)S/z -Ea /T
55" 2Ds ; 8.32 eV 2.4 = Wacog \mr) €

"4 4.
5 S” 2Ds//2, 7.80 eV 32 A= T, Wac /n g
S5s Ds /9, 8.32 eV i

As shown above, the radiative and collision
transitions for autoionization states of copper in
collapsing plasma of copper-vapor laser discharge are
improbable as compared with autoionization. This
means that these states are in thermodynamic
equilibrium with electron continuous spectrum under
condition that the width of autoionization state I,
corresponding to the decay of this state with emission
of a free electron, much greater than its collision width
., ie., I, =hW, > T[.=hW,, . The width [, < 10~
18 erg, because at n, = 1016 cm™3, according to Ref. 2,
Wao < 109 s71. For all autoionization levels of the Cu
atom, I,~10"Yerg, i.e., the condition I, T, holds
true.

In this connection, let us consider the explanation
for the marked deviation from the Boltzmann law of
populations of copper autoionization states and even
greater deviation of nearby nonautoionization Cul

states, namely, 554D /2, in a low—pressure arc when 7,
is  within the range 4-105 — 41016 cm™3 at
temperatures of 5000—6000K (Ref. 2). To explain this
effect, in Ref. 2 it was proposed to consider some "new"
processes, for example, resonance ion-atom charge
exchange, which can proceed "rather efficiently due to
low ionization potential."

If we assume that the charge exchange processes of
the form

Cull (1SO)+CHI(SS' 4D5//2):CUI(SS’ 4D5//2)+CHII(1SO),
Cull ('Sy) + Cul (3S; 9)=Cul (55" “Dj5 ,9)+Cull ('Sy)

take place, then the rate of the first reaction will be
negligibly small for reasonable values of cross sections
of charge exchange, o ~ 10715 — 10714 ¢cm2, under
conditions of our experiment in comparison with the

reaction of electron trapping, since the population of
Cul 554D5 5 is equal to ~10% cm ™3, and the electron
number density is 7, ~ 101> cm™3.

The second reaction is unlikely to proceed, since
the cross section of endothermic charge exchange for
adiabatic regime of interaction tends to zero.6

In Ref. 7, possible violation of Maxwellian
distribution of electrons over their energies in the range
of excitation of autoionization levels due to the process
of resonance electron trapping was proved. However,
comparison of characteristic times of resonance electron
trapping 1, =1/An, ~ 107 s and time of electron
maxwellization 1, ~ 1079s (Ref. 5) indicates that
under conditions of our experiment the Maxwellian
distribution of electrons over their energies cannot
violate.
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