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Electron-impact ionization of multiply charged manganese ions

J. Colgan, D. M. Mitnik, and M. S. Pindzola
Department of Physics, Auburn University, Auburn, Alabama 36849

~Received 11 May 2000; published 12 December 2000!

Distorted-wave calculations are carried out for the electron-impact ionization of atomic ions in the Mn
isonuclear sequence. Detailed level to level calculations are performed for the dominant excitation-
autoionization contributions. The validity of the configuration-average approach is studied and used to calcu-
late direct ionization and highern excitation-autoionization, when the level to level approach proves compu-
tationally too demanding. A combination of the two methods is used to analyze the recent crossed-beams
experimental measurements of Mn51, Mn61, Mn71, and Mn81 by Rejoub and Phaneuf@Phys. Rev. A61,
032706~2000!#. The comparison between theory and experiment indicates that a large fraction of the initial
population of each measured ion is in metastable states of excited configurations.
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I. INTRODUCTION

A detailed understanding of electron collision dynam
involving multiply charged atomic ions remains a key fac
in modeling the behavior of many astrophysical and labo
tory plasmas@1,2#. An experimental and theoretical cha
lenge is the determination of accurate electron-impact sin
ionization cross sections for the transition metal ions. Ext
sive work has been done for atomic ions in the Fe and
isonuclear sequences, as summarized in@3,4#. A recent ex-
perimental effort has revisited the low-charged ions in the
and Fe isonuclear sequences@5,6#, with a few of the ions
measured at very high energy resolution. Quite recently,
solute single ionization cross sections for several Mn io
have been measured using a new dynamic crossed-b
apparatus@7#, prompting the theoretical investigations r
ported below.

The theoretical challenge in the determination of accur
electron ionization cross sections for transition metal ion
multifold. Direct ionization from the outer subshells resu
in the emission of two electrons in the long-range Coulo
field of the residual ion, the quantum three-body proble
Recent nonperturbative close-coupling studies along the
isoelectronic sequence@8# have shown that first-orde
distorted-wave theory should yield accurate direct ionizat
cross sections for multiply charged ions~target charge of
31 or greater!. Indirect ionization from excitation of inne
subshells followed by autoionization should again be ac
rately treated by first-order distorted-wave theory for mu
ply charged ions. Complications arise in both direct and
direct ionization from the sheer number of ground a
excited levels found in the open shell transition metal io
Thus, it is important to be able to apply level averagi
methods, where possible, to obtain accurate total ioniza
cross sections.

The rest of this paper is organized as follows. In Sec.
we give a brief review of the distorted-wave theory appli
to electron-impact ionization, and in Sec. III we prese
electron-impact ionization cross sections for Mn51 through
Mn81 calculated using level to level and configuratio
average distorted-wave methods. We conclude with a b
summary in Sec. IV.
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II. THEORY

The electron-impact ionization of an atomic ion is gen
ally dominated by two processes; direct ionization:

e21Aq1→e21A(q11)11e2 ~1!

and excitation-autoionization:

e21Aq1→~Aq1!* 1e2→e21A(q11)11e2, ~2!

whereA is an arbitrary ion with chargeq and the * signifies
an autoionizing state. The total ionization is given by

sT~g→ f !5sDI~g→ f !1sEA~g→ f !, ~3!

wheresDI(g→ f ) is the direct ionization cross section an
sEA(g→ f ) is the excitation-autoionization cross sectio
from an initial level g to a final level f. The excitation-
autoionization cross section through innershell excitation
an intermediate autoionizing levelj is given by

sEA~g→ f !5(
j

sE~g→ j !Ba~ j→ f !, ~4!

wheresE(g→ j ) is the excitation cross section from levelg
to level j and Ba( j→ f ) is the multiple branching ratio for
autoionization from levelj to level f, defined as

Ba~ j→ f !5F Aa~ j→ f !1(
i

Ar~ j→ i !Ba~ i→ f !

(
k

Aa~ j→k!1(
i

Ar~ j→ i !
G . ~5!

Here,Aa( j→k) is the autoionizing rate from levelj to level
k andAr( j→ i ) is the radiative rate from levelj to any lower
energy level i. This includes further autoionization from
level i to level f allowing all possible secondary autoioniz
tion in the level to level calculations.

We neglect the resonant excitation followed by sequen
double autoionization process~commonly known as REDA!.
To date there have been no REDA calculations for ions
complex as low-charged members of the transition met
©2000 The American Physical Society12-1
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J. COLGAN, D. M. MITNIK, AND M. S. PINDZOLA PHYSICAL REVIEW A 63 012712
Theoretical and experimental work@9–12# on Na-like Fe has
shown that the REDA contribution is no more than 25%
the average total ionization cross section and is confined
small energy range below the excitation-autoionizat
thresholds.

Level to level excitation-autoionization calculations a
carried out using the relativistic distorted-wave meth
found in the HULLAC package@13#. In the level to level
distorted-wave method, the atomic structure is calculated
ing the fully relativistic multiconfigurationalRELAC code
@14#, based on the parametric potential model@15#. The cen-
tral potential is introduced as an analytic function of scre
ing parameters that are determined by minimizing the fi
order relativistic energy of a set of configurations. T
excitation cross sections are then calculated in the distor
wave approximation. This package uses the factorizat
interpolation method@16#, which significantly improves the
efficiency of the radial integral calculations. Using this a
proach, we can solve Eq.~4! including many thousands o
levels in our excitation model.

The configuration-average distorted-wave approximat
@17# is used to calculate all of the direct ionization and so
of the excitation-autoionization processes described in
paper. The threshold energies and the bound radial orb
for the Mn configurations are calculated using the relativ
tically corrected Hartree-Fock atomic structure code
Cowan @18,19#, where we include the mass-velocity an
Darwin terms in the radial Schro¨dinger equation. The con
tinuum radial orbitals are calculated as distorted-wave s
tions of the relativistic radial Schro¨dinger equation using
configuration-average Hartree and semiclassical excha
potentials@20#. The first-order scattering amplitude for eith
the ionization or excitation process is then averaged ove
states of an initial configuration and summed over all sta
of a final configuration. The excitation amplitude is eva
ated using incident and scattered electrons calculated in aVN

potential, whereN is the number of target electrons. Th
ionization amplitude is also evaluated using incident a
scattered electrons calculated in aVN potential while the
bound and ejected electrons are calculated in aVN21 poten-
tial @21,22#.

III. RESULTS

A. Comparison of detailed level to level and configuration-
average distorted-wave calculations for Mn6¿

innershell excitation

Total excitation cross sections from the ground config
ration of Mn61 (3s23p63d) to the 3s23p53dnl (n54,5,6)
and 3s3p63dnl (n53,4,5) excited configurations are pr
sented in Fig. 1. The solid line is the cross section calcula
using the level to level relativistic distorted-wave code
excitation from the 3s23p63d2D3/2 level to all levels of the
excited configurations. We note that excitation from t
3s23p63d2D5/2 level is almost identical to excitation from
the 2D3/2. The dashed line is the total configuration-avera
cross section for the transitions above. The very good ag
ment between these curves is a good check on
configuration-average approach.
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The configuration-average method calculates the cr
section from all levels of the initial configuration to all leve
of each final configuration. In some cases this can ca
difficulties. The final excited configuration can have leve
spanning the ionization threshold, so when calculat
excitation-autoionization cross sections one must be car
to include only the excitation to levels that, energetical
will contribute to excitation-autoionization. For this reaso
we have used, in subsequent calculations, the relativ
level to level distorted-wave program to calculate t
excitation-autoionization for levels near the ionizatio
threshold. For highern levels the configuration-average a
proach is appropriate, since the levels are all well above
ionization threshold and so will all contribute to excitatio
autoionization. Also, the detailed relativistic distorted-wa
method proves computationally too demanding for the
many high-lying levels.

Calculations from excited configurations can also ca
problems. In some cases all of the levels in an excited c
figuration may not be populated, as they can quickly radi
down to the ground configuration; that is, not all of the leve
within an excited configuration are metastable. Since
configuration-average approach averages over all initial
els, this may lead to inaccuracies. A level to level distorte
wave calculation is therefore more appropriate in situatio
where some of the excited levels are not fully populated. T
relativistic level to level distorted-wave calculations inclu
the branching ratio between autoionization and radiative
cay in the excitation-autoionization calculations, also inclu
ing the secondary autoionization processes discussed in
previous section. For highn levels, the relative contribution
to the total ionization cross section is small so we can m

FIG. 1. Electron-impact excitation cross section from the grou
configuration of Mn61 to the 3s23p53dnl (n54,5,6) and
3s3p63dnl (n53,4,5) excited configurations. The solid line is
calculation using the relativistic level to level distorted-wave p
gram for excitation from the 3s23p53d 2D3/2 level. This is almost
identical to the excitation from the 3s23p53d 2D5/2 level ~not
shown!. The dashed line is using the configuration-avera
distorted-wave method.
2-2
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ELECTRON-IMPACT IONIZATION OF MULTIPLY . . . PHYSICAL REVIEW A63 012712
a further approximation by assuming that the branching r
for these excitations is close to one.

Therefore, a judicious use of the configuration-avera
approach, coupled with the level to level relativist
distorted-wave method when appropriate, enables accu
calculations of electron-impact ionization cross sections
the multiply charged Mn ions. This methodology has be
used for the remaining calculations presented in this pap

B. Ionization of Mn 6¿

An energy-level diagram showing the direct ionizati
and some excitation-autoionization pathways (3l-4l8) for the
ionization of Mn61 ~which is K-like! is shown in Fig. 2.
Only some of the many excitation pathways are shown
clarity. We see that, from the ground configuration, only e
citation from the 3p-4 f and 3s-4l configurations leads to
autoionization, whereas from the excited configuration
excitations shown lead to autoionization. We expect then
the ionization rate from the excited configuration will b
greater than that from the ground configuration simply due
the greater number of pathways for excitation-autoionizati

We use a combination of level to level and configuratio
average distorted-wave approximations to calculate the
ization of Mn61, which is compared to experiment@7# in Fig.
3. Figure 3~a! shows the total ionization cross section
Mn61 from the ground configuration (3s23p63d), which has
an average ionization energy of 119 eV, and Fig. 3~b! shows
the total ionization cross section from the first excited co
figuration (3s23p64s), which has an average ionization e
ergy of 79 eV. In these and in subsequent figures, the da
line shows the contribution of direct ionization to the to
cross section, which is given by the solid line. In order
present only one curve, the total cross section contains
combination of the metastable-average level to level calc
tion with the configuration-average calculation for the high
n configurations, where the metastable-average contribu
is given by the average of only those levels within an co
figuration that are metastable. For Mn61, direct ionization
from the 3d, 3p, and 3s subshells and 4s, 3p, and 3s sub-

FIG. 2. Energy-level diagram for ionization of Mn61. The direct
ionization and some excitation-autoionization routes from
ground and excited configurations are indicated.
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shells, from the ground and excited configurations resp
tively, is included in a configuration-average calculation. T
direct ionization cross section shown here is in good agr
ment with a semiempirical calculation based on the L
formula for estimating cross sections@23# ~not reproduced
here for clarity!. From the ground configuration, excitation
autoionization from 3s23p63d-3s23p53dnl (n54,5,6) and
3s23p63d-3s3p63dnl (n54,5) is calculated using the leve
to level relativistic distorted-wave programs described pre
ously, and from the first excited configuration, excitatio
autoionization from 3s23p64s-3s23p54snl(n54,5,6) and
3s23p64s-3s3p64snl(n54,5) is calculated by the sam
method. Excitation-autoionization due toDn50 transitions
~i.e., to the 3d shell! is not energetically possible. Additiona
excitation-autoionization of the 3p-nl (n57,8,9) and
3s-nl(n56,7,8) is calculated using the configuratio
average distorted-wave method.

For the ground configuration of Mn61 there are two lev-
els, 3s23p63d2D1/2,3/2, and for the first excited configuratio
there is only one level, 3s23p64s2S1/2. The 3s23p64s2S1/2
is the one and only metastable level and so we expect
configuration-average approach to work well for Mn61,
since we will not encounter any problems associated w
many levels in an excited configuration. The detailed leve
level relativistic distorted-wave excitation-autoionizatio
calculations for the innershell transitions defined above

e
FIG. 3. Electron-impact total cross section for the ionizati

of Mn61 from the ~a! ground (3s23p63d) and ~b! excited
(3s23p64s) configurations. The experimental points are fro
Rejoub and Phaneuf@7#. The dashed line is the direct ionizatio
contribution and the solid line is the total cross section. The to
ionization from the ground configuration includes excitatio
autoionization from 3s23p63d-3s23p53dnl (n54,5,6) and
3s23p63d-3s3p63dnl (n54,5) calculated using the relativisti
level to level distorted-wave programs, averaged over
metastable levels. From the first excited configuration, the t
ionization includes excitation-autoionization from
3s23p64s-3s23p54snl(n54,5,6) and 3s23p64s-3s3p64snl(n
54,5) using the same method. Additional excitation-autoionizat
of the 3p-nl (n57,8,9) and 3s-nl (n56,7,8) calculated using the
configuration-average distorted-wave approach is also included
both configurations.
2-3
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J. COLGAN, D. M. MITNIK, AND M. S. PINDZOLA PHYSICAL REVIEW A 63 012712
clude all possible radiative transitions and multistep autoi
izations that involve 1990 levels. For highn levels, we have
assumed that the branching ratio for autoionization is s
close to one. This will not be strictly true for highn levels,
but since the excitation-autoionization cross section fr
these levels is relatively small in any case, this is unlikely
introduce a large error into our calculation.

The total cross section calculated from the ground stat
Mn61 is significantly lower than the experimental measu
ments@7#, and although at higher energies the cross sec
from the excited configuration falls within the experimen
error bars, it fails to reproduce the peak at around 230 eV
should also be noted that a calculation has been perfor
where all excitation-autoionization is calculated using
configuration-average method only, and it is found that t
yields a similar result to Fig. 3.

C. Ionization of Mn 7¿

We use a combination of level to level and configuratio
average distorted-wave approximations to calculate the
ization of Mn71 and compare to experiment@7# in Fig. 4.
Figure 4~a! shows the ionization cross section from t
ground configuration (3s23p6) that has an average ioniza
tion threshold of 195 eV, and Fig. 4~b! shows the ionization
cross section from the excited configuration (3s23p53d) that
has an average ionization threshold of 145 eV. Mn71 is a
member of the Ar-like isoelectronic sequence and so
ground configuration has a closed outer shell. Direct ioni

FIG. 4. Electron-impact total cross section for the ionization
Mn71 from the ground (3s23p6) and first excited (3s23p53d) con-
figurations. The lines are the same as in the previous figure.
total ionization from the ground configuration~a! includes
excitation-autoionization from 3s23p6-3s3p65l calculated using
the relativistic level to level distorted-wave programs averaged o
the metastable levels and 3s23p6-3s3p6nl (n56,7,8) calculated
using the configuration-average distorted-wave programs. In
first excited configuration~b! excitation-autoionization of the 3p-nl
(n54,5), calculated using the level to level distorted-wave p
grams, and 3p-nl (n56,7,8,9) and 3s-nl (n54 – 9) calculated us-
ing the configuration-average programs, are all included in the t
cross section.
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tion from the 3p and 3s subshells is included in the
configuration-average calculation for the ground configu
tion, and from the 3d, 3p, and 3s subshells in the calcula
tion for the excited configuration.

As expected, the direct ionization dominates the ioni
tion from the ground configuration, which has only one lev
3p6 1S0, since the closed-shell nature limits the contributi
of excitation-autoionization. The direct ionization is in goo
agreement with a semiempirical Lotz calculation. The sm
excitation-autoionization contributions to the cross sect
from the 3s23p6-3s3p65l transition ~calculated using the
level to level relativistic distorted-wave code! and from the
3s23p6-3s3p6nl (n56,7,8) transitions~calculated using the
configuration-average distorted-wave approach! give the to-
tal ionization cross section. There is no contribution fro
excitation of the 3p subshell. Again, the 3s-5l excitation-
autoionization is calculated using the level to level distorte
wave code since not all of the levels associated with thel
configuration lead to autoionization.

The first excited configuration (3s23p53d) of Mn71 con-
tains 12 levels, of which three, withJ51, are not metastable
since the only radiatively allowed transition is fromJ51 to
J50. Excitation-autoionization is calculated using the d
tailed level to level distorted-wave method involving the i
nershell transitions 3s23p53d-3s23p43dnl (n54,5) in
which we include in our model all possible radiative tran
tions that involve 1998 levels in total. The 3p-4d and 3p-4 f
excitations are selective processes dominated by only a
transitions and so it is important to identify the position
each final level relative to the ionization limit.

Among the excited configuration levels, the 3p53d 1P1
level has a substantially larger total excitation cross sec
than the other excited levels and also an ionization thresh
that is 20 eV below that of the other levels. This is a co
mon feature of1P1 levels arising from openp andd shells,
as in this configuration. This level, which is not metastab
is inevitably included in the configuration-average distorte
wave calculation and the large~around 25%) difference in
the total excitation cross section could introduce inaccura
in our final results. However, the statistical weight
this level (1P1) is relatively low and it is found that the
difference between the metastable-averaged
configuration-averaged excitation cross section, for
3s23p53d-3s23p43dnl (n54,5) transition is only 6%.

The 3s23p53d-3s23p43dnl(n56,7,8,9) and
3s23p53d-3s3p53dnl (n54,5,6,7,8,9) excitation-
autoionization cross sections are calculated using
configuration-average distorted-wave method. The highen
excitations are all well above the ionization threshold so t
the difference in the threshold energies from the1P1 and the
rest of the levels in the excited configuration becomes re
tively smaller. The total excitation-autoionization contrib
tion from the first excited configuration is much larger,
would be expected from the much lower ionization thres
old, since more autoionizing channels are now open.

The total ionization from the ground configuration
much smaller than the experimental results. The total ion
tion from the excited configuration is larger than the expe
mental points at low energy, although there is good agr
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ment at higher energies. The large discrepancy between
experimental results and the ionization from the ground c
figuration seems to indicate that the excited componen
present in the ion beam in this experiment. Unfortunate
there are not enough experimental points at low energy
determine if ionization below the ground-state threshold
observed; that is, an ionization contribution in the ene
range just above the excited-configuration threshold.

D. Ionization of Mn 8¿

Calculations of the total ionization cross section of Mn81

are presented in Figs. 5~a! and 5~b!, from the ground
(3s23p5) and excited (3s23p43d) configurations, respec
tively, and again compared to experimental results@7#. Mn81

is Cl-like, with a ground-state average ionization threshold
223 eV. The average ionization threshold of the excited c
figuration is 172 eV. Direct ionization from the 3p and 3s
shells~and from the 3d shell for the excited configuration!
are calculated using the configuration-average distor
wave method. Again the direct ionization calculations ag
well with a semiempirical calculation based on the Lotz fo
mula.

The ground configuration of Mn81 has only two levels,
3p5 2P1/2,3/2of which the 2P3/2 is slightly lower. Excitation-
autoionization of 3s23p5-3s3p55l is calculated using the
level to level relativistic distorted-wave code since not all
the levels associated with the 3s3p55l configuration are
above the ionization threshold. Excitation-autoionization

FIG. 5. Electron-impact total cross section for the ionization
Mn81 from the ground (3s23p5) and first excited (3s23p43d) con-
figurations. The lines are the same as in the previous figure.
total ionization from the ground configuration~a! includes
excitation-autoionization from 3s23p5-3s3p55l calculated using
the relativistic level to level distorted-wave programs averaged o
the metastable levels, and 3s23p5-3s3p5nl (n56,7,8,9) using the
configuration-average distorted-wave approach. In the ioniza
from the first excited configuration~b! excitation-autoionization of
the 3p-nl (n54,5), calculated using the level to level distorte
wave programs, and 3p-nl (n56,7,8,9) and 3s-nl (n54 – 9) cal-
culated using the configuration-average programs, are all inclu
in the total cross section, as previously.
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3s23p5-3s3p5nl (n56,7,8,9) is calculated using th
configuration-average distorted-wave method since th
levels are all well above the ionization threshold. There is
contribution to excitation-autoionization from excitation
the 3p subshell. As expected, the direct ionization aga
dominates the cross section and as previously the total
ization cross section is much lower than the experimen
results@7#.

The first excited configuration (3s23p43d) of Mn81 con-
tains 28 levels, of which only 7~havingJ57/2 or 9/2) are
metastable. Excitation-autoionization is calculated using
detailed level to level distorted-wave method involving t
innershell 3s23p43d-3s23p33dnl (n54,5) transitions in
which all possible radiative transitions are included. Th
very large calculation~which for the ground and excited con
figurations involves 2842 levels! is necessary to obtain th
correct cross section for these transitions as only some o
levels of the excited configuration are metastable. We co
pared the metastable-averaged excitation cross sectio
the configuration-averaged cross section for
3s23p43d-3s23p33dnl (n54,5) transition and found a dif-
ference of 15%. The 3s23p43d-3s23p33dnl (n56,7,8,9)
and 3s23p43d-3s3p43dnl (n54,5,6,7,8,9) excitation-
autoionization cross sections are calculated from
configuration-average distorted-wave method. Although
would expect some difference in the configuration-avera
results for these highern transitions compared to a full leve
to level calculation, the absolute error will be much le
since these excitation-autoionization cross sections
smaller.

It is clear in Mn81 that the experimental results@7# con-
tain a large proportion of ions in the metastable levels due
the significant ionization contribution below the ground-sta
threshold. A combination of the theoretical results in Fig
5~a! and 5~b! must be considered in any comparison with t
experimental measurements. A determination of the frac
of ions in the excited configuration present in the experim
will enable a better understanding of these results.

E. Ionization of Mn 5¿

To complete the comparison with recent experimental
sults@7#, the total ionization cross sections for Mn51 ioniza-
tion, from the ground (3s23p63d2) and first excited
(3s23p63d4s) configurations are presented in Figs. 6~a! and
6~b!, respectively. Mn51 is Ca-like, with an average ioniza
tion potential from the ground configuration of 94 eV and
64 eV from the excited configuration. These calculatio
were carried out using only the configuration-avera
distorted-wave method, as relativistic level to level distorte
wave calculations for these levels prove computationa
very demanding due to the large number of levels presen
the configurations. However, in light of our previous resu
~discussed above!, we expect that these calculations are re
sonably close to full level to level calculations.

The direct ionization ~dashed line! includes
ionization from the 3d, 3p, and 3s shells ~from
the ground configuration! and 4s, 3d, 3p, and 3s
shells ~from the excited configuration!. All excitation-
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autoionization from 3s23p63d2-3s23p53d2nl (n54 – 8)
and 3s23p63d2-3s3p63d2nl (n54 – 7) is included in the
calculation from the ground configuration, and excitatio
autoionization from 3s23p63d4s-3s23p53d4snl(n54 – 8)
and 3s23p63d4s-3s3p63d4snl(n54 – 7) is included in the
calculation from the excited configuration. The cross sect
from the excited configuration is larger than that from t

FIG. 6. Electron-impact total cross section for th
ionization of Mn51 from the ~a! ground (3s23p63d2) and
~b! first excited (3s23p63d4s) configurations. The
lines are the same as in the previous figure. Excitati
autoionization from 3s23p63d2-3s23p53d2nl(n54 – 8) and
3s23p63d2-3s3p63d2nl (n54 – 7), calculated solely using
the configuration-average distorted-wave method, is inclu
in the cross-section calculation from the ground co
figuration. From the excited configuration, all excitatio
autoionization from 3s23p63d4s-3s23p53d4snl(n54 – 8) and
3s23p63d4s-3s3p63d4snl(n54 – 7) is included in the
configuration-average distorted-wave calculation.
a

d

.

.
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.
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ground configuration as in the previous ions studied; it
again postulated that the experimental results@7# contain a
combination of ionization from both the ground configur
tion and metastable levels in the excited configuration.

IV. SUMMARY

In this paper, we have investigated the electron-imp
ionization of Mnq1 (q55 – 8) in comparison with a recen
crossed-beams experiment@7#. We have calculated the direc
ionization using a configuration-average method and dem
strated the validity of this approach for excitation cross s
tions by comparisons with those obtained from large deta
calculations using an accurate level to level relativis
distorted-wave approach@13#. We find that a combination o
these two methods is best suited, when possible, to calc
ing the total cross section for electron-impact ionization.

The agreement between our theoretical results from
ground configuration and experiment is generally poor, in
cating a substantial population in metastable states of
excited configuration. However, the failure of theory to,
most cases, reproduce the shape of the experimental
gives cause for concern. In our calculations we have
included the possibility of ionization from theL shell ~i.e.,
ionization of 2p electrons!, because of the large probabilit
for double ionization at these higher energies. This may c
tribute to the slow falloff of some of the experimental curve
but as this is only energetically allowed at high energies
will not explain the disagreements near the peak of the i
ization. It is hoped that further experiments, where the io
are all in well-known atomic configurations, can shed so
light on these discrepancies.
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