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Abstract

It is shown that, in dense plasmae, dielectronic capture

into doubly excited ionic states followed by the ladder-like

excitation-ionization chain becomes important in the excitation-

ionization process of ions. For an example of a hydrogen-like

ion, its contribution to the excitation Is >-2s, 2p and also

to the ionization has been evaluated by the method of the quasi-

steady-state solution to the rate equations. The increase is

found to be substantial, i.e., by more than a factor of two

both for the exctiation and ionization rate coefficients.

PACS classification: 52.25., 32.80.D,,, 34.80.D



Recent developments of research on laser-produced plasmas

show that, in the time development of the high-density plasma,

highly ionized ions are produced much more rapidly than pre-

dicted from the conventional assumption: that is, ionization

proceeds stepwise following the ionization chain starting from

the neutral atom. For instance, the time-resolved x-ray streak

picture of aluminum and sodium spectra reveals that the

hydrogen- and helium-like lines are emitted almost instantane-

ously without a delay from the laser pulse.

In order to resolve this difficulty we should introduce a new

ionization mechanism which would enhance the ionization rate

coefficient for ions.

In this letter we propose an excitation-ionization mecha-
ySo far/

nism that has been neglectedT^and would be important whenever

the plasma has a high electron density.

When the electron density n is very low, ionization of

hydrogen-like ions, for example, is determined by the direct

ionization due to electronic collisions, 1 + e s> ion + 2e,

where 1 stands for the ground level and e is the electron.

(See Fig. 1.) With an increase "in n the contribution from

the ladder-like excitation-ionization mechanism becomes in-

creasingly improtant: this is the series of processes of

the excitation, 1 + e > n + e, where n is the excited level

with the principal quantum number n, followed by the ladder-

like excitation, n + e • j> (n+1) + e > (n+2) + e v- ....,

and finally by ionization, (n+m) + e > ion + 2e, (m»l),as

schematically illustrated in Fig. 1. This process makes the

net ionization rate coefficient SCR increase with the increase
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in n . An example is shown in Fig.2 for the nuclear charge

z = 10, neon, as a function of n for the electron temperature

2 4

of T /z = 3.6 x 10 K: this value approximately corresponds

to the T at which the emission lines of the hydrogen-like

neon have their maximum intensity in the low-density plasma.
It is seen that S,, begins to increase at about n /z = 10 cm

LK e

This increase is interpreted as due to the lowering of the

lower end of the excitation ladder in the system of excited

levels. With the further increase in n , when the ladder
6

reaches the first excited level n = 2, the rate coefficient

saturates; this takes place in Fig.2 at n /z ~ 10 cm" .
e

(Note that we are considering the high-temperature case of

ref.3.) These features have been well established and

understood in terms of the collisional-radiative model.

We should note here that each excited state of ions,e.g.,

level n in Fig.l, is the ionization limit of the Rydberg

states, nn1 (n'> n), of doubly excited ionic states of the

adjacent lower ionization stage, helium-like ion in this case.

In the plasma these doubly excited states may be populated

through dielectronic capture from the hydrogen-like ground

state, 1 + e —»nn' (Fig. 1). This state may, of course,

autoionize, nn 1—> 1 + e, decay radiatively, nn' » nn" + hv,

(n" < n')f or make a stabilizing transition nn1 > In1 + hv1

(Fig. 1). The last process is dielectronic recombination.

However, when n is sufficiently high collisional process

may become important. For example, this state may be excited,

nn1 + e » n(n' + 1) + e » n(n'+2) + e .... before it

autoionizes or decays radiatively, and it may finally be
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"ionized", n(n' + m) + e » n + 2e. This latter series

of processes, dielectronic-capture ladder-like (DL)

excitation-ionization, is nothing more than the excitation

1 + e —> n + e of the hydrogen-like ion. Thus, in considering

excitation of the ion by electronic collisions in the plasma

we should take into account this additional mechanism besides

the direct excitation. In order to assess the importance

of this new mechanism we make an evaluation of its contribution

to the net or total excitation.

The method of the calculation is as follows; we take a

hydrogen-like ion for the purpose of illustration. First,

we consider the excitation Is —* 2s. The system of the

2S+1doubly excited states 2sn'Jl ( L) is considered with 60

levels of 2 ^ n1 ^ 20, and rate coefficients for the collisional

(excitation and de-excitation) and radiative transitions

between these levels are approximated by those of the helium-

like ion states lsn'ji( L). Of course, ionization and

recombination processes are included in a similar manner

2 7

between the "ion" (2s S) and these levels. We also include

the collisional de-excitation from these states to singly

excited states lsn'Jl. The dielectronic capture rate

coefficient of each state with n1 * 3 is evaluated from the
p

threshold values of the partial excitation cross sections
9

for Is + e > 2s + e by Burgess et al. The autoionization

probability is related to the dielectrbnic capture

rate coefficient with the principle of detailed

balance. For the states 2s2Z, the
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autoionization probability is taken from Boiko et al. With

these collisional and radiative rate coefficients the method

of the quasi-steady-state solution has been applied to the

system of the coupled equations for Is, 2sn'S-, and 2s. The

effective excitation rate coefficient C_T (Is —> 2s) has
UJ-i

been evaluated that includes the contribution from the

excitation through these 2sn'£(n' ^ 2) levels. An example

of the results is shown in Fig. 3 for the condition of Fig. 2.

A similar calculation has been carried out for Is > 2p;

in this case, necessary modifications have been made because

the core is the p electron, and further, the stabilizing

transition, 2pn& > lsn£ + hv', has been included. The result

is also shown in Fig. 3. These curves show that the effective

excitation rate coefficient increases in a high-density plasma.

It should be noted that this increase in the excitation rate

coefficient corresponds to a decrease in the dielectronic

recombination.

Next, the dielectronic-capture-ladder-like excitation -

ionization process is incorporated into the calculation of the

net ionization process, 1 * ion, of the hydrogen-like ion.

For this purpose the DL excitation rate coefficient, should be
for

evaluated^excitation to all of the excited states besides

for Is # 2s and Is — • 2p. We have made its rough estimate

for the levels of n >/ 3: Since the ladder-like process becomes

significant only for high' nQ where radiative decay and auto-

ionization are unimportant compared to the electron collision, the



doubly excited states ni.n'1' are well expected to be populated

according to its statistical weight, 2(22 + 1) • 2(2SL' + 1) ;

therefore we have not d?stinguished the states with different

£ or £'. For the DL excitation 1 > n, we have considered

only the doubly excited states nn' with n1 > n and have assumed

that every electron captured dielectronically into nn1 is

eventually liberated into the "ion" n if n' is such that

the collisional excitation probability from nn1 is larger than

the sum of the autoionization and radiative decay probabilities.

We have calculated the autoionization probability from the

threshold value of the total excitation cross section 1 > n

as given by Sampson and Parks. The collisional and radiative

rate coefficients for other processes have been approximated

by those scaled from neutral hydrogen except direct excitation

from the ground state, for which the cross section of ref.

11 has been employed. Of course, all of these direct excitations

have been incorporated with the DL contribution as described

above to give the dielectronic capture-ladder-like excitation

rate coefficient for each 1—*n. The effective ionization

rate coefficient S _ has been evaluated following the method •

of the quasi-steady-state solution. The result is shown in

Fig. 2, which corresponds to CL-(Is » 2s and 2p) in Fig.3.
Dli

The difference between the present S_T and the conventional

collisional-radiative ionization rate coefficient S__ is

significant: it is by a factor of 2 for 10 ^ n /z £
T 6 — "̂

10 cm and by a factor 3 for the higher densities.
The inclusion of the DL process into the excitation

energy
corresponds to the lowering of the thresholdyyof the excitation
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cross section. This is analogous to the situation where the

inclusion of the ladder-like excitation-ionization process

approxomately corresponds to the lowering of the ionization

threshold for the direct ionization cross section. Therefore,

the both effects become more important for lower temperatures.

So far high-density effects ' other than the DL

excitation-ionization, e.g. the lowering of the ionization

energy, have not been taken into account. It is noted that the

ladder-like excitation is a process analogous to the

thermalization of a low-energy electron in a continuum state into

the group of thermal electrons. In other words, as suggested from

the Quantum Defect Theory the dynamics of excitation-ionization

continues smoothly from among the discrete states, ladder-like

excitation, across the ionization limit, ionization, to the

continuum states, thermalization.

Thus, it is expected that the lowering of the ionization limit,

so long as it is not so large, does not affect strongly C_,T
DL

and S D L calculated with the neglect of the lowering. A similar

argument applies also to the merging of excited levels due to

the Stark broadening. In the highest n regions, however, the

present theory breaks down, since in this region our concept

of "discrete excited state" may become invalid. This takes

place when the Debye length becomes comparable with the atomic

radius of, say, n=2; this corresponds to n /z 7 = 3 x 1017cm~3

for the condition of Fig. 3.

If radiation trapping takes place to some of the transitions

its effect is 1) to increase S C R and S D L at the low-density

limit, and 2) to shift the rate coefficients S^. and C curves in
uh DL

the lower-n direction.
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In this letter we have pointed out the importance of the

role played by the doubly excited states in the ionization

process of ions. We may further think about triply excited

states, e.g., 2snn', quadruply excited states, and so forth.

However, at the moment we do not have any clue to evaluate

quantitatively their effects on the dynamics of excitation

and ionization of ions. We only note here that the excitation

and ionization processes involving multiply excited states

may become more important for L- and M-shell ions than the

K-shell ions as considered in this Letter.
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Figure Captions

Fig. 1. Schematic energy level diagram of hydrogen-like

and helium-like ions. Transitions due to electronic

collisions are denoted with solid arrows, radiative

transitions with wavy arrows and autoionization

with a -doited arrow.

Fig. 2. Collisional radiative ionization rate coefficient

S-,_, and effective ionization rate coefficient S__

that includes the contribution from dielectronic-

capture ladder-like excitation-ionization for

Ne (z=10) as a function of electron denstiy

n (cm3) at T /z 2 = 3.6 x 104 K.

Fig 3. Effective excitation rate coefficients C,,T (solid

line) for the transitions. Is > 2s and Is > 2p

of Ne+9 (z=10) at the temperature Tg/z
2 = 3.6 x 104K

as a function of electron density n (cm ).

Dotted lines indicate the direct excitation rate

coefficients and chain lines the dielectronic-

capture ladder-like excitation-ionization rate

coefficients (cm s ), respectively.
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