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It is shown that, in dense plasmas, dielectronic capture into doubly excited ionic states
followed by the ladderlike excitation-ionization chain becomes important in the excitation~
ionization process of ions. For the example of a hydrogenlike ion, its contribution to the
excitation 1s— 25s,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 2 for both the excitation and ionization rate coefficients.

PACS numbers: 51.50.+v, 32.80.Dz, 34.50.Hc

Recent developments of research on laser-
produced plasmas show that, in the time develop-
ment of the high-density plasma, highly ionized
ions are produced much more rapidly than pre-
dicted from the conventional assumption® that
ionization proceeds stepwise following the ioniza-
tion chain starting from the neutral atom. For
instance, the time-resolved x-ray streak picture?®
of aluminum and sodium spectra reveals that the
hydrogenlike and heliumlike lines are emitted
almost instantaneously without a delay from the
laser pulse. In order to obtain full understanding
of the ionization process, we should introduce a
new ionization mechanism which would enhance
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the ionization rate coefficient for ions. In this
Letter we propose an excitation-ionization mecha-
nism that has been neglected so far and would be
important whenever the plasma has a high elec-
tron density.

When the electron density n, is very low, ion-
ization of hydrogenlike ions, for example, is
determined by the direct ionization due to elec-
tronic collisions, 1+e —ion+2¢, where 1 stands
for the ground level and e is the electron. (See
Fig. 1.) With an increase in #, the contribution
from the ladderlike excitation-ionization mecha-
nism becomes increasingly important®: This is
the series of processes of excitation 1+e—~n+e,
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FIG. 1. Schematic energy level diagram of hydrogenlike and heliumlike ions. Transitions due to electronic col-
lisions are denoted with solid arrows, radiative transitions with wavy arrows, and autoionization with a dotted

arrow.
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where 7 is the excited level with the principal
quantum number n, followed by the ladderlike
excitation, n+e~(n+1) +e-(n+2) +te —~...,

and finally by ionization, (n+m) +e —ion+2e (m
> 1), as schematically illustrated in Fig. 1.*
This process makes the net or collisional-radia-
tive ionization rate coefficient Sy increase with
the increase in n,.

An example is shown in Fig. 2 for the nuclear
charge 2 =10, neon, as a function of n, for the
electron temperature of T,/2%2=3.6X10* K: This
value approximately corresponds to the 7T, at
which the emission lines of the hydrogenlike neon
have their maximum intensity in the low-density
plasma. It is seen that Sy begins to increase at
about n, /2" ~10" cm™. This increase is inter-
preted 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
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FIG. 2. Collisional radiative ionization rate coeffi-
cient Scp and effective ionization rate coefficient Spy,
that includes the contribution from dielectronic-cap-
ture—ladderlike excitation-ionization for Ne*? (z = 10)
as a function of electron density #, (cm? at T, /z2
=3.6x 10 K.

the ladder reaches the first excited level =2,
the rate coefficient saturates; this takes place
in Fig. 2 at n,/2"~10'"® cm™. (Note that we are
considering the high-temperature ionizing plas-
ma of Ref. 3.) These features have been well
established and understood in terms of the colli-
sional-radiative model.?

We should note here that each excited state of
ions, e.g., level n in Fig. 1, is the ionization
limit of the Rydberg states, nn’ (n’ >n), of doubly
excited ionic states of the adjacent lower ioniza-
tion stage, heliumlike ion in this case. In the
plasma these doubly excited states may be popu-
lated through dielectronic capture from the hydro-
genlike ground state, 1+e —nn' (Fig. 1). This
state may, of course, autoionize, nn’-—1+e, de-
cay radiatively, nn'~nn” +hv (n” <n’), or make
a stabilizing transition, nn’ —1n’+hv’ (Fig. 1).
The last process is dielectronic recombination.
However, when r, is sufficiently high collisional
process may become important.® For example,
this state may be excited, nn’+e —n(n’+1) +e
-n(n’+2) +e..., before it autoionizes or decays
radiatively, and it may finally be “ionized,”

n(n' +m) +e —n +2e. This latter series of proc-
esses, dielectronic-capture-ladderlike (DL)
excitation-ionization, is nothing more than the
excitation 1+e —n +e of the hydrogenlike ion,
Thus, in considering excitation of the ion by elec-
tronic collisions in the plasma we should take
into account this additional mechanism besides
the direct excitation. In order to assess the im-
portance 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 hydrogenlike ion for the purpose of
illustration. First, we consider the excitation
1s -2s. The system of the doubly excited states
2sn’125*'[ is considered with sixty levels of 2
sp’ <20, and rate coefficients for the collisional
(excitation and deexcitation) and radiative transi-
tions between these levels are approximated by
those of the heliumlike ion states 1sn’l25*'L (Ref.
6); the 2s electron is assumed to act as a “spec-
tator.” Of course, ionization and recombination
processes are included in a similar manner be-
tween the “ion” (2s2S) and these levels.” We
also include the collisional deexcitation from
these states to singly excited states 1sn’l. The
dielectronic capture rate coefficient of each
state with »’ =3 is evaluated from the threshold
values of the partial excitation cross sections®
for 1s +e —2s +e given by Burgess, Hummer,

1023



VOLUME 48, NUMBER 15

PHYSICAL REVIEW LETTERS

12 ApriL 1982

and Tully.® The autoionization probability is re-
lated to the dielectronic capture rate coefficient
through the principle of detailed balance. For
the states 2s2/, the 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 1s, 2sn’l,
and 2s. The effective excitation rate coefficient
Cp.(1s - 2s) has been evaluated so as to include
the contribution from the excitation through these
2sn’l (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
1s - 2p; in this case, necessary modifications
have been made because the core is the p elec-
tron, and further, the stabilizing transition,
2pnl - 1snl +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 re-
combination.

The inclusion of the DL process into the excita-
tion corresponds to the lowering of the threshold
energy of the excitation cross section. This is
analogous to the situation where the inclusion of
the ladderlike excitation-ionization process ap-
proximately corresponds to the lowering of the
ionization threshold for the direct ionization
cross section. Therefore, both effects become
more important for lower temperatures.

Next, the dielectronic-capture—ladderlike ex-
citation-ionization process is incorporated into
the calculation of the net ionization process, 1
- ion, of the hydrogenlike ion. For this purpose
the DL excitation-ionization rate coefficient
should be evaluated for excitation to all of the
excited states as well as for 1s —~2s and 1s - 2p,
For the DL excitation-ionization 1= (2= 3), we
have considered only the doubly excited states
nn’ with »’ = n and have assumed that every elec-
tron captured dielectronically into nn’ is eventu-
ally liberated into the “ion” n if »’ is such that
the collisional excitation probability from n»’ is
larger than the sum of the autoionization and ra-
diative decay probabilities.'® The autoionization
probability for these levels has been given from
Sampson and Parks,'® and the DL excitation-
ionization rate coefficient has been obtained.
Then, the effective ionization rate coefficient Sp;
has been evaluated by the conventional method
of the quasi steady-state solution for the hydro-
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FIG. 3." Effective excitation rate coefficients Cp,
(solid line) for the transitions Is—~2s and 1s—2p of
Net? (z = 10) at temperature 7,/22=3.6x 10° K as a
function of electron density #, (cmd). Dashed lines
indicate the direct excitation rate coefficients and
chained lines the dielectronic-capture—ladderlike ex-
citation-ionization rate coefficients.

genic ion.® The result is shown in Fig. 2, which
corresponds to Cp;(1ls —2s, 2p) in Fig. 3. The
difference between the present Sp; and conven-
tional collisional-radiative ionization rate coeffi-
cient Scy is significant: It is a factor of 2 for
10" sn,/2"<10% ¢cm™ and a factor of 3 for the
higher densities.

In this Letter we have pointed out the impor-
tance of the role played by the doubly excited
states in the excitation and ionization processes
of ions. We may further think about triply ex-
cited 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 im-
portant for L- and M-shell ions than the K-shell
ions as considered in this Letter.

The further details of the calculation and the
validity range of the present mechanism will be
discussed elsewhere.
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