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Dominant Auger Process in Electron-Impact Ionization of Mo Ions (')
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Total ionization cross sections for the highly stripped Mo ions by high-energy electron
impact are estimated, including both the direct ionization of outer-shell electrons and
the excitation of inner-shell electrons followed by an Auger emission. For highly
stripped ions, the excitation to discrete states predominates and enhances the Auger
contribution. For the Mo + ions, the Auger ionization of the I -shell electrons dominates
over the direct I-shell ionization.

I present a theoretical estimate of the electron-
impact ionization of highly stripped Mo ions, and
explicitly demonstrate the dominance of a two-
step process in the case of Mo' '. Such an en-
hancement over the direct ionization may serious-
ly affect the analysis of high-energy electron-ion
systems in hot-plasma and astrophysical applica-
tions.

The ionization of neutral atomic targets by high-
energy electron impact takes place mainly through
the excitation of outer-shell electrons directly to
continuum states, as the inner-shell electrons
are generally much harder to excite. However,
for heavier ions with increasing degree of ioniza-
tion ZI, the transition probability M~ for the
bound electrons excited directly to continuum de-
creases much more rapidly than MD for the exci-
tation to the allowed discrete states. ' Therefore,
as Z~ increases, the two-step ionization process
becomes important, in which an inner-shell elec-
tron is first collisionally excited, followed by the
Auger emission of one of the outer-shell elec-
trons as another electron fills the vacancy creat-
ed. This Auger ionization (AI) process usually
contributes to the total cross section a small but
significant amount of the order of 10% or less.
However, for the Mo'~+ ion considered explicitly
here, the Auger ionization in fact dominates over
the direct process. Several critical features of
the collision involving highly charged ionic tar-
gets are pointed out, which enhance the Auger
process (and also the dielectronic recombination. )

The total ionization cross section by electron
impact of an ionic target with the core charge Z~
and ZI electrons ionized initially is given by

O' =6 +0'
7

where o D' is the direct ionization cross section,
mainly of the outer-shell electrons, and is de-
fined by'
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where, for a given initial state i, one has

DI ~ ~~ D ln maxBp q
i p 2 i C C (3)

In (3), N, is the number of bound electrons in the
ith subshell of the initial ion, and Mc is the sum
of average dipole excitation probabilities for the
electrons in the initial orbital (n, l,) to the entire
continuum states, defined by

where Ac' is the continuum-state projection oper-
ator. The factor D~ is given2 in the form D~

am~ap
tude, phase distortions of the incident and outgo-
ing electron by the screened Coulomb potentials,
and also the correction to the dipole approxima-
tion used throughout. The q „and q,-„are the
usual momentum-transfer cutoffs employed in
the Bethe approximation, 3 and we have used the
forms' q,„= [b, + (p, —Wa) v'- e, ]/p, and q =p,.
-pt, which improve the threshold behavior b, .
is the average energy transfer.

The Auger ionization cross section 0"' is de-
fined in a similar way as

with

-a A (4)

g.D~= N. M D ln ™"Bm
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The subsequent decay of this vacancy by an elec-
tron emission is described by the factor n, . The
quantity Mo in (6) denotes the sum of the average

AI~~ g DE
i i

In (5), vo~ is the direct excitation cross section
for an inner-shell electron of the initial configura-
tion, raised to an intermediate resonant state,
with a creation of an inner-shell vacancy. It is
defined by



VOLUME 39, NUMBER 2 PHYSICAL RE VI E%' LETTERS 11 JUz.v 1977

l.o

O.l—

Mc

----- MD Io

3CI, 3p

-3S
0

C3

O.OI—

o.ool—

i2P

IS

40 80

l
IO

I I I

20 30 50 60 70
P~o

FIG. 2. Total electron impact ionization 0 ~ for the
Mo + ion (solid curve). The direct ionization (DI,
dash-dotted line) is compared with the Auger ionization
(AI, dash-double-dotted line). The contribution of the
3s electrons is also shown (dashed line).
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FIG. 1. Average dipole transition probabilities for
electrons in the (n&l~) orbital of Mo ions to all the al-
lowed discrete states, ~D, and to all the continuum
states, M~.

dipole excitation probabilities to all the allowed
discrete states, excluding the continuum and
those orbitals which are already occupied. Thus
we have

M~=+„'I (n, l, I
r I („)['= (n, l, J

rAD'r'I n, l, ).
They are related by

A '+A '+p '= g,

where A~' is the projection onto the occupied or-
bitals. Both M~ and M~ are estimated for each
initial state using a simple semiclassical approxi-
mation» for the A and a single-particle model'
for both the initial states and those states int'. lud-
ed in A. They are crude but are accurate enough
for our purpose here. The distortion factors Dc
and DD have been tested extensively', they are
very important when ions with large S» are in-
volved, often increasing the excitation cross sec-
tion by a large factor.

The AI cross section (5) describes a two-step
process of excitation and decay. It thus contains
an additional factor e,, the Auger decay rate as
obtained from the average fluorescence yield u,
by o.,-= 1 —co, It takes into account the branching
rate of decay of a given intermediate state with a
vacancy in the ith inner shell, which is to be

filled either by a photon emission (&o;) or by an
electron emission (n;). The values for ~ have
been studied most extensively for singly ionized
atoms. ' Since the w's for the Mo ions are not
available, I have made a simple- extrapolation of
the available wE for the Ne ions" and N ions' to
the K-, L, —, and M-shell vacancies. ~

Obviously, o"' can become appreciable only if
M~ for inner-shell electrons becomes large com-
pared to the M~ for the outer-shell electrons.
This is only possible when Z~ is large and at the
same time Z» is of a moderate value to have at
least the L shell filled initially. An estimate of
Mc and MD is presented in Fig. 1 as functions of
Z„=-Z, /Zc. Generally, M~ increases and Mc de-
creases as Z„ is increased; for Z„~0.5, MD com-
pletely dominates over M~. As noted previous-
ly, " this is probably the most outstanding fea-
ture of the highly stripped ions, and strongly in-
fluences many of the reactions that involve such
ions. The factor n,. is usually large for small Z„
and changes slowly as Z„ increases, provided
there are enough outer-shell electrons available
for an Auger decay. It decreases very rapidly as
Z„approaches unity. Therefore, the dominance
of 0"' over 0 ' should be a result of two strongly
competing factors MD and o, versus M~ and u,-.

For the Mo' ' and Mo"' cases, the AI contribu-
tion to the total ionization cross section is esti-
mated to be of the order of 5/o and +q, respec-
tively. On the other hand, in the Mo'4' case, the
L-shell ex'citation probability M~ becomes com-
parable to the M-shell ionization probability M~,
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so that o"' becomes comparable to OD' at rela-
tively low energies. The estimated cross sec-
tions are plotted in Fig. 2. It shows the domi-
nance of 0 "' for the incident kinetic energy of ap-
proximately 12 keV and higher, pa, = 30. The en-
ergy parameters used in the evaluation of (3) and

(5) are generated by the single-particle mode15;

ldL3, = 96.5 Ry and b,» = 92.1 Ry for the DI, and 42,
= 180 Ry= 6» for the AI excitations. From the
extrapolation fit of o. discussed earlier, one ob-
tains o.~=0.90, as compared with o.~(Z„= 0) =0.97.
The AI contribution comes mainly from the 2p ex-
citation followed by the Auger emission, while
the 2s excitation contributes about 4% to the total
AI. The contribution of the 3s electrons to the
AI by excitations to states just below the ioniza-
tion threshold is also estimated to be about 3%%uo

and less. For the DI cross section, the 3p ioniza-
tion dominates over the 3s electrons by approxi-
mately 5 to 1.

In summary, I have shown that, for reactions
involving highly stripped ions, oo' alone can often
lead to a gross underestimate of the impact ioni-
zation cross section. The relative magnitude of
Mc (outer shell) and M~ (inner shell) is important,
but not sufficient to make the AI process domi-
nant, and the branching ratio o.; plays an impor-
tant role which warrants much further study. As

S~ increases, we expect that the dominance of
the AI process will be more prevalent even at
fairly low Z„.

The calculation presented here is only approxi-
mate and requires more extensive studies, but
its qualitative conclusions are not expected to be
seriously affected by the details, which will be
reported elsewhere. '
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A steady-state model of a plasma slab, accelerated by interaction with laser radiation,
determines temperature, velocity, and density profiles and boundaries consistent with
laser intensity and wavelength and slab mass and acceleration. Density-profile modifi-
cation is caused by laser pressure. Plasma flows subsonically into the critical surface,
and supersonically out.

In an earlier Letter' exact transmission coeffi-
cients were calculated for intense light incident
on a plasma slab in which ions were frozen. In
this paper a steady-state model of a plasma. slab,
accelerated by its interaction with laser radiation,
is treated by one-dimensional (1D) steady-flow
hydrodynamic equations in an accelerated frame
of reference. The cold unablated fluid, the abla-
tion layer, both classical and flux-limited hot
conduction regions, the critical surface, and the
underdense blowoff are all considered. A global
description determines the temperature, density,

velocity, and boundaries as well. Approximate
analytic solutions are given in each of the plasma
regions.

The ablation layer, containing a steep density
gradient separating cold dense fluid from hot low-
density plasma, moves at the front of the thermal
wave and is accelerated by the rocket reaction to
the ablation. Nevertheless Boris has demonstrat-
ed through time-dependent numerical simulations
that the temperature profile at the ablation layer
is steady in an accelerated reference frame, and
provided a simplified analytic model of the steady


