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Dielectronic recombination of highly ionized iron
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Dielectronic recombination of the iron ions Fe"+, Fe '+, and Fe '+ has been studied in the
isolated-resonance, distorted-wave approximation. The cross-section calculations include the dielec-
tronic transitions associated with the 3s —+31 and 3s~4l excitations in Fe' +, the 2s~2p and
2s~3l excitations in Fe +, and the 1s~2l excitations in Fe +. The effects of external electric
fields have been included by employing intermediate-coupled, field-mixed eigenvectors for the dou-

bly excited Rydberg states, determined by diagonalizing a Hamiltonian matrix which includes the
internal electrostatic and spin-orbit terms, as well as the Stark matrix elements. The field effects are
found to be quite large in Fe' +, relatively small in Fe +, and negligible in Fe +. The calculations
indicate that there are large resonances near threshold in Fe '+ that are unaffected by external fields
and may be measurable in new experiments currently being designed. In addition, the contributions
of radiative recombination and the possible interference between radiative and dielectronic recom-
bination in low-lying resonances are considered. Even though the radiative recombination cross sec-
tions may be appreciable near threshold in Fe"+ and Fe '+, the interference between these processes
appears to be completely negligible.

I. INTRODUCTION,

Dielectronic recombination (DR) is expected to be the
dominant recombination mechanism of positive ions with
free electrons, and it can be described as a two-step pro-
cess. In the first step, the electron collisionally excites the

¹ lectron ion and is simultaneously captured into a dou-
bly excited autoionizing state j of the (N+1)-electron
1on:

e +X, (Z,N)~X *J*(Z,N+1) .

If it emits a photon and decays to a bound state f,
X)**(Z,N+1) XI(Z,N+ 1)+hv,

then the DR process is complete. However, the doubly
excited state can also relax by autoionization to either the
initial state i or some excited state k of the ¹ lectron
ion:

X&"*(Z,N +1)~Xk*(Z,N)+e

External field surely exist in all plasmas and electron-
ion beam experiments. It has been demonstrated both ex-
perimentally' and theoretically that such fields can sig-
nificantly increase the magnitude of DR cross sections as-
sociated with An =0 transitions, especially for ions in rel-
atively low stages of ionization. In such cases the contri-
butions from high principal quantum numbers are dom-
inant, and the fields enhance the DR rates by redistribut-
ing the angular momentum among the Rydberg states in
such a way as to open up many more recombination chan-
nels. However, such field effects should be far less pro-
nounced for cases in which there are sizable contributions
from low-lying resonances, where the energy separation

between states with different values of angular momen-
tum is much larger. Such dominance by low Rydberg
states tends to occur in all An &1 excitations, and for
high stages of ionization, even in An =0 excitations.

Previously, dielectronic-recombination-rate coefficients
have been calculated for both sodiumlike iron' and lithi-
umlike iron"' in the absence of an external field in pure
LS coupling, and for lithiumlike iron in the presence of a
field using the configuration-average approximation. In
addition, dielectronic satellite spectra have been calculated
for hydrogenlike iron in intermediate coupling' The pri-
mary purpose of this work is to calculate intermediate-
coupled DR cross sections and investigate the magnitude
of electric-field enhancement of dielectronic recombina-
tion for Fe' +, and Fe +, and Fe +. These results
should provide some valuable insight into the significance
of field effects in highly ionized systems, and, in addition,
should be useful for future DR experiments currently be-
ing planned on these particular iron ions, ' as well as
similar highly ionized species. '

The remainder of this paper is arranged as follows. In
Sec. II we give a brief outline of the theoretical methods.
In Sec. III the results of our calculations of the DR cross
sections are presented and discussed. Finally in Sec. IV
we consider the implications of these results and the pos-
sible influence of two effects not included in the present
calculations: interfering resonances in the presence of a
field and the interference between radiative and dielect-
ronic recombination.

II. THEORETICAL METHODS

A more complete description of the theoretical methods
used in the present calculations is presented in Ref. 7.
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Here we consider only the essentials of the theoretical and
calculational methods employed. In the isolated-
resonance approximation, the energy-averaged DR cross
section from a state within the initial configuration of the
¹electron ion to a particular state within the doubly ex-
cited configuration of the (N+ 1)-electron ion to all pos-
sible bound states of that ion is given by the expression

QA, j(~i) QA„(j ~f)
2m 1 i f (4)

b ek2 2GI gA, (j~k)+ QA, (j ~f ')
k f'

The above equation is in atomic units and Ac. is an energy
bin width larger than the largest resonance width, k, is
the linear momentum of the continuum electron, and Gl
is the total statistical weight of the initial configuration.
The radiative rate A„j(~f) from a particular doubly ex-
cited state to all states of a lower level yfJf in the
(N + 1)-electron ion is given by the equation

A„(j ~f)= ', g yf JfMf g r nzlzny&Mf
Mf m=1

(5)
where coJf is the transition frequency, c is the speed of
light, yf is used to designate all quantum numbers other
than Jf and Mf which are needed to specify the final
state in intermediate coupling, and we employ the dipole-
length form of the electromagnetic interaction. In Eq. (4)
f is used to designate bound levels only, while f' is used to
signify any lower level, including autoionizing levels. In
our calculations we include radiative transitions to lower
autoionizing levels when the inner electron nJIJ. is the ac-
tive electron but ignore cascading transitions to lower au-
toionizing levels in which the Rydberg electron is the ac-
tive electron. The validity of this approximation is dis-
cussed in Ref. 7.

The eigenvectors for the doubly excited states

~
nz lj n y/M/ ) require some special comments. They

represent autoionizing states in an electric field, consisting
of a Rydberg electron outside of a single-core electron nj lj

(plus any number of electrons in closed subshells). They
are determined by diagonalizing a Hamiltonian which in-
cludes the spin-orbit interactions, the electrostatic interac-
tions of the Rydberg electron with the core, and the Stark
matrix elements between states of opposite parity, but ig-
nores internal electrostatic interactions between configura-
tions and with the adjacent continua. The only rigorously
conserved quantum number is MJ. , the projection of the
total angular momentum along the field direction. How-
ever, we also treat the principal quantum number n of the
Rydberg electron as conserved; the validity of this approx-
imation will be discussed in Sec. IV. Thus we express

~ n/liny&M& )in . terms of a basis set consisting of all pos-
sible states of the configurations nJ IJ nl with
l =0, 1,2, 3, . . . , n —1, coupled according to the jK
scheme, as follows:

n. l.ny .M.
~ nzi/ny&MJ ) = g Yz//z' J' '

~
n/ijjznlKJ J/M ), (6).

j,lI/', J.

where yJ is simply a serial number used to specify com-
pletely a given eigenvector, and jJ is the total angular
momentum of the core. The jK coupling scheme is a con-
venient one since the Stark matrix element do not mix
states with different values of jJ, thus jJ becomes a good
quantum number as n increases and the electron-electron
interactions of the Rydberg electron with the core and the
spin-orbit interaction of the Rydberg electron decrease.
For high values of n, the expansion in Eq. (6) includes
hundreds of states, and a partition of them by jJ
represents significant computational savings.

The autoionizing rate A, (j~k) from a particular dou-
bly excited state of the (N + 1)-electron ion to all continu-
um states associated with a particular level of the ¹

electron ion is given by the expression

4 N

A. (j~k)= g nkikJkk i KkjkMk
k

lE,Ek, jk, M m —) PN+J m

2JJ~JJ (7)

where l', is the angular momentum of the continuum elec-
tron, the bound states of the ¹ lectron ion plus the con-
tinuum electron are designated in jK coupling, and the
continuum normalization is one multiplied by a sine func-
tion. Complete expressions for the rates A„(j~f) and

A, (j ~k) are given in Ref. 7.
The majority of DR calculations presented in this paper

were performed using a program DRFEUD7 which calcu-
lates the dielectronic-recombination cross sections in the
presence of an electric field using the above equations.
However, for hn = 1 transitions to doubly excited config-
urations of the type nJIJ.nl with n =nJ, where configura-
tion interaction may be large and field effects are negligi-
ble, the multiconfiguration atomic structure program of
Cowan' was emp1oyed to calculate DR cross sections to
individual levels.

Finally, for the An = 1 transitions of the type 3s ~4lnl'
in Fe' +, it would have been quite difficult and enormous-
ly expensive to calculate these cross sections using the di-
agonalization technique inherent in the program DRFEUD.
Since the cross sections for these transitions are dominat-
ed by the low-lying resonances, we instead employed the
following technique. First, the cross sections for transi-
tions to the configurations 4l 4l' were calculated using the
structure code, as described above. Then, for transitions
to the multitude of configurations of the type 4lnl' with
n ) 5, the cross sections were calculated using the
configuration-average, distorted-wave approximation pro-
gram DRACULA. 4 In the absence of an external field, this
method has been found to give results in good agreement
with intermediate-coupled results, ' such as those pro-
duced by DRFEUD. Maximum field effects are estimated
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in DRAcULA by transforming all autoionizing rates and
those radiative rates for which the Rydberg electron is the
active electron from a spherical to a parabolic basis.
However, since the cross section for these An = 1 transi-
tions are dominated by the low-lying resonances, the field
effects are negligible and this approximate method of es-
timating field effects has no effect on our final results.

In the present work we are not interested in determin-
ing the DR cross section as a function of electric-field
strength in the interaction region as we were in earlier
work; ' here we are, instead, concerned only with the
maximum effect of the field on the cross section. There-
fore we have set the electric field at a very large value of
10 kV/cm. No additional change in the cross section
would be expected in any of these ions with a further in-
crease in the field strength. In most calculations, the en-
ergy bin width was set equal to 0.136 eV. This is larger
than the largest resonance width and yet smaller than any
expected experimental electron energy width.

In addition to mixing I states, the electric fields wi11

ionize electrons in high Rydberg states. In an earlier
study, we included the effects of field ionization by em-
ploying the hydrogenic formula of Damburg and Kolo-
sov. ' The simplest method of including the effects of
field ionization is to employ the semiclassical formula

n~,„=(6.2)&10 Q /F)'

for n )34, and may radiate to the bound configurations
3snl and 3p3/2n'I' for n'(9. The 3p3/2nl —&3pi/2 inter-
combination autoionizing transitions are included in a
natural way in our analysis since we employ a jK basis set
for our intermediate-coupled, doubly excited Rydberg
states. The radiative rates for the 3p~3s transitions
(which we refer to as type 1) are nearly independent of n,
and are not affected by an electric field. The radiative
rates for the nl~n'I' transitions (which we refer to as
type 2) fall off approximately as 1/n and are affected by
external fields. These type-2 transitions (which have often
been ignored in considerations of dielectronic recombina-
tion) have large rates for low Rydberg states in highly ion-
ized systems, and it is these rates that are responsible for
the size of the cross section at relatively low energies. The
energy-averaged cross sections for the 3p&/2nl and 3p3/2nl
sequences as a function of n are shown, with and without
a field, in Fig. 2. As can be seen, the field effects are siz-
able and, when the intercombination autoionizing transi-
tion turns on at n =34, there is a pronounced drop in the
3p3/2nl cross section.

The 3dnl sequence for n & 7 can autoionize to the 3s &/2

level and for resonances of 3d Sg and above can also au-
toionize to the 3pi/z and 3p3/2 levels. The intercombina-

to determine the maximum principal quantum number
above which field ionization will occur, where Q is the
charge of the initial X-electron ion, and F is the electric-
field strength in volts per centimeter. By comparison
with results from the hydrogenic field-ionization formula,
it is apparent that this equation provides a good estimate
for high fields. Although they are expected to be large, '

it is hard to estimate what the fields might be in the
analyzing region in future DR experiments; therefore, we
have arbitrarily set n,„ to 100 in our calculations. This
would correspond to an analyzing field of 21 kV/cm in
Fe' +, and 75 kV/cm in Fe +. (For Fe + the cross sec-
tion is dominated by low-lying resonances and the cross
section falls of rapidly with n; therefore, the value of n
is not important. ) The actual fields in the analyzing re-
gion should be larger than those in the interaction region,
but may be smaller than the above values; however, it
would be difficult for us to carry out a full diagonaliza-
tion of the doubly excited Rydberg states much beyond
n =100.

F~ l5+

3d80—

40-3p
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III. CALCULATIONS FOR THE Fe IONS

A. Dielectronic recombination for Fe' +

We first consider the An =0 dielectronic-recombination
transitions of the type 3s ~3lnl in sodiumlike iron. A
schematic diagram of the energy levels for this system are
shown in Fig. 1. Here we must consider three Rydberg
series: 3p &/2nl, 3p3/2nl, and 3dnl. The 3p i/2nl sequence
may autoionize to the initial 3s&/2 level for n ) 10, and
may radiate to the bound configurations 3snl and
3p&/2n'I' for n' & 9. The 3p3/2nl sequence may autoionize
to the initial 3si/2 level for n ) 10 and also the 3pi/z level

FIG. 1. Schematic energy-level diagram showing the transi-
tions associated with hn =0 dielectronic recombination in
Fe' +. Here RR stands for resonant recombination into a doub-
ley excited autoionizing state (not radiative recombination), AI
stands for autoionization, and RD stands for radiative decay.
Autoionization from the 3p3/pnl configurations to the states of
the 3pi/z level begins at n =34.
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tion transitions 3d5/znl~3d3/Q can be ignored since the
3d spin-orbit splitting is so small that they would not be-
gin to occur until n =92, which is well beyond the point
where these cross sections are appreciable. The 3dnl se-
quence can radiate to the bound configurations 3pnl for
7&n &9 and 3dn'l' for n'&6. As mentioned in Sec. II,
the transitions 3dnl to the autoionizing configurations
3pnl for n ) 10 are included in the total radiative rate
which appears in the denominator of Eq. (4). The 3dnl
configurations make a significant contribution to the
cross section only for n equal to 7 and 8. Above this
point, 3dnl ~3p autoionizing transitions diminish the
cross section significantly.

The energy-averaged cross section as a function of elec-
tron energy for the An =0 transitions in Fe' +, with and
without an external electric field, is shown in the top por-
tion of Fig. 3. The contributions from the 3p«znl and
3p3/pnl resonances approaching the series limits at 34.5
and 37.1 eV, respectively, are clearly visible. The contri-
butions from the 3d 7l resonances occur between 14.3 and
21.7 eV (with the largest peaks from 21.2 to 21.7 eV) and
those from 3d Sl appear between 31.5 and 36.0 eV. In the
absence of a field, the low-lying resonances contribute sig-
nificantly to the total cross section; however, when a
strong field is turned on, the cross section is dominated by
the high Rydberg states of the 3p&/znl and 3p3/pnl se-
quences.

In the lower portion of Fig. 3, we show the energy-
averaged cross sections convoluted with a 3-eV Gaussian
to simulate a possible experimental electron-energy distri-
bution. The separate 3p&/znl and 3p3/Qnl resonances are
no longer visible, and the field enhancement in the high
Rydberg states is seen to be about a factor of 5. However,
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the peak below 8 eV, due to the 3pnl resonances, and the
peak just above 20 eV, due to the 3d7l configurations,
should be visible in an experiment with such an electron
distribution.

We now consider the contributions due to the An=1
transitions in Fe' +. A schematic energy-level diagram
for this system is shown in Fig. 4. By far, the largest con-
tributions to the cross section come from the 414l' com-
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FIG. 2. Energy-averaged dielectronic-recombination cross
sections associated with the 3s~3p&/& and 3s~3p3/p excita-
tions in Fe' + as a function of n. , curve for the 3p3/$nl
configurations; ———,curve for the 3p&/~nI configurations.
The upper two curves are for a field of 10 kV/cm while the
lower two curves are for no external field.

FIG. 3. b,n =0 energy-averaged dielectronic-recombination
cross section for Fe' + as a function of energy. , cross sec-
tion in the absence of a field; ———,cross section with a field
of 10 kV/cm. The upper figure shows the cross section for a
bin width of 0.136 eV and the lower figure shows the cross sec-
tion convoluted with a 3-eV Gaussian.
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plex ( l' & 1) which, as mentioned in Sec. II, was calculated
including the effects of configuration interaction. These
levels can all autoionize to the 3s &/z level; in addition, lev-
els from the 4p4d, 4p4f, 4d, 4d4f, and 4f configura-
tions can also autoionize to the 3p~/2 and 3p3/2 levels,
which greatly reduces the associated DR cross sections.
They can radiate to the 3l"4l' bound levels, with I"=I+ 1

and to lower levels of 4l"4l', where I"=I—1 and only
4s is bound; the radiative rates for the latter transitions
are quite small, and can be ignored.

The 4lnl' configurations with n & 5 can autoionize to
the 3s&/2, 3p~/2, and 3p3/2 levels, and for I ) 1 and high
enough values of n, to the levels of 4l" with l" & l. They
can radiate to the bound configurations 31"4l, with
l"=l'+1; 3l"nl', with l"=l+1; and to lower levels of the
autoionizing configurations 4l "nl', with l"= l —1. The
cross sections associated with the 4lnl' configuration are
relatively small (at least partially due to the 4lnl'~3p au-
toionizing transitions) and fall off rapidly with n.

The energy-averaged cross section associated with the
hn = 1 transition as a function of electron energy is
shown in the upper portion of Fig. 5. The large resonance
at very low electron energy is due to the 4s 4p Po & 2 levels
and the contributions from all levels of the 4141' configu-
rations occur between 1.6 and 80 eV. The field effects
which occur only in states with high values of n are too
small to be seen on the scale of this figure. Nevertheless,
it is interesting to note that for the 4lnl' configurations,
the field actually decreases the size of the cross section for
many of the high-lying resonances. When the only al-
lowed autoionizing transitions are to the initial configura-

tion, and the autoionizing rates for the lower values of I
(in the absence of a field) are larger than the radiative
rates, the field will always tend to enhance the cross sec-
tion by redistributing the angular momentum in such a
way as to increase the effective number of recombination
channels. The size of the field enhancement of the cross
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FIG. 4. Schematic energy-level diagram showing the transi-
tions associated with An = 1 dielectronic recombination in
Fe' +. The notation is the same as that in Fig. 1.

FIG. 5. An = 1 energy-averaged dielectronic-recombination
cross section for Fe' + as a function of energy. The top figure
shows the cross section for a bin width of 0.136 eV and the
lower two figures show the cross section convoluted with a 3-eV
Gaussian. Field effects are too small to be seen on the scale of
these graphs.
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section will then depend only on the size of the autoioniz-
ing rates, relative to the radiative rates, after they have
been modified by the field. However, when there are ad-
ditional autoionizing channels possible, as there are with
the 4lnl configurations, the field will also redistribute the
autoionizing rates to the excited configurations among the
various doubly excited states; whether this will result in a
decrease or increase in the cross section depends in a com-
plicated way on the relative size of the autoionizing rates
for transitions to the initial configuration versus all oth-
ers.

The An = 1 cross section convoluted with a 3-eV
Gaussian is shown over the full energy range in the mid-
dle portion of Fig. 5, and also between 0 and 80 eV in the
bottom portion of the figure. As can be seen, in compar-
ison to the contributions from the bn =0 transition, the
only significant contributions occur below 40 eV. There-
fore, in Fig. 6, we show the total convoluted DR cross
section in this energy range, including the contributions
from the b,n =0 and An =1 excitations. As can be seen
by comparing this figure with that in the lower portion of
Fig. 3, the contributions from the b, n =1 excitations are
relatively small, with the only noticeable addition to the
total cross section occurring at about 3 eV. Since the con-
tributions from the An )2 excitations, which will occur
well beyond this energy range, will be even smaller than
those shown in Fig. 5, this can effectively be considered
the total DR cross section for this ion.

B. Dielectronic recombination in Fe +

much more by the spin-orbit interaction in the core elec-
tron; it has very large narrow peaks in the DR cross sec-
tion at low energy; and the cross sections associated with
the hn =0 and An = 1 excitations are completely separat-
ed in energy. A schematic energy-level diagram associat-
ed with the An =0 excitations is shown in Fig. 7. The
2p»2nl sequence for n ) 13 can autoionize to the 2s&/2
level and can radiate to the bound configurations 2snl and
2p &/2n'l' with n' & 12. The 2p3/2nl sequence can autoion-
ize to the 2s~/2 level for n ) 11 and also the 2p&/2 level
for n )21, and can radiate to the bound configurations
2snl and 2p3/2n'l' for n'& 10.

The energy-averaged cross sections for these two se-
quences as a function of n, with and without an external
field, are shown in Fig. 8. Perhaps the most striking
feature in this figure is the unusual shape of the field-
mixed 2p3/2nl curve In . the presence of a field, the differ-
ence in magnitude between the cross sections for the
2p3/2nl and the 2p~/2nl configurations is quite small at
large n, while in the absence of a field, the cross section
for 2p3&2nl is about 1.8 times the cross section for
2p~/2nl. Since there are twice as many states in the
2p3/2nl configurations, one might expect the ratio of cross
sections at high n to be nearly equal to 2. The slightly
lower value in the no-field case is due both to the varia-
tion of the cross sections with energy and the effect of the
2p3/pnl ~2p&/2 autoionizing channel, which appears to be
small. The fact that this ratio is only about 1.1 in the
presence of a field, indicates that the field modified the

Lithiumlike iron is the most interesting of the three
ions we have considered in this paper. It exhibits field ef-
fects, although significantly smaller than those in Fe' +;
the spectrum of its recombination resonances is influenced 70
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FIG. 6. Energy-averaged cross section for Fe' + as a func-
tion of energy, including both An =0 and An =1 excitations,
convoluted with a 3-eV Gaussian. The notation is the same as
that in Fig. 3 ~

FIG. 7. Schematic energy-level diagram showing the transi-
tions associated with An =0 dielectronic recombination in
Fe '+. The notation is the same as that shown in Fig. 1.
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2p3/2nl —+2p&/2 autoionizing rates in such a way as to
have a much more pronounced effect on reducing the
cross section for the 2p3/pnl configurations. This has
been verified by repeating the calculation in the field
without the intercombination autoionizing transitions. In
this case the ratio of these cross sections increased to a
value of 1.9. Again, fields can cause some rather unusual
effects when autoionizing transitions to excited configura-
tions are energetically possible, and in this case, the influ-
ence of the field on the intercombination autoionizing
transitions appears to reduce the field enhancement by
about 25%.

The An =0 energy-averaged cross section, in the ab-
sence of a field, as a function of electron energy is shown
in the top portion of Fig. 9. As can be seen, the cross sec-
tion is completely dominated by the low-lying resonances;
however, it is important to note that the strength of these
resonances is determined by the size of the radiative rates
for type-2 transitions, involving the Rydberg electron. If
only the type-1 transitions had been included in the calcu-
lation, the magnitude of the sharp peaks in the cross sec-
tion near threshold would have been reduced by more
than an order of magnitude. The very large peak at ap-
proximately 5 eV is due to an unresolved combination of
states from the 2p3/2111 and 2p &/213l configurations.
The next two peaks are due to 2p&/214l and 2p3/212l,
respectively. With this information, it is fairly easy to
follow the two sequences up the Rydberg series. The
2p3/2 series limit at 65 eV is quite apparent; however, on
the scale of this graph it is impossible to distinguish the
2p &/2 limit at 48 eV.

Finally, in the bottom portion of Fig. 9, we show the
energy-averaged cross sections, with and without the elec-
tric field, convoluted with a 3-eV Gaussian. It is still pos-
sible to distinguish the largest resonances at low energy,
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and the contributions from the high-n resonances near the
two series limits are still well resolved. The field only af-
fects the cross sections near the series limits and there the
enhancement is about a factor of 2. An experiment is
currently being planned on Fe +, and there is optimism
that an electron distribution comparable to the one em-
ployed here may be possible. '

The DR cross sections associated with the 2s~31 exci-
tations in Fe + were also calculated, and the energy-level
diagram for this system is shown in Fig. 10. The 3lnl'
configurations can autoionize to the 2s»z, 2p»2, and
2p3/2 levels, and for I ) 1 and high enough values of n, to
the levels of 3/" with l" &t. They can radiate to the
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FIG. 8. An =0 energy-averaged cross sections for Fe + as a
function of n. curve for the 2p3/2nl configurations;
———,curve for the 2pI/2nl configurations. The upper two
curves are for a field of 10 kV/cm while the lower two curves
are for no field.
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FIG. 9. An =0 energy-averaged cross section for Fe' + as a
function of energy. The notation is the same as that for Fig. 3.
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small and may be hard to measure in any future experi-
ments. However, it is important to keep in mind that
hn ) 1 transitions can still make large contributions to, or
even dominate, the total dielectronic-recombination-rate
coefficients at temperatures of importance in laboratory
and astrophysical plasmas (see, for example, Ref. 12).

Field effects are too small to be seen on the scale of Fig.
11. Starting with the lowest energy complex of reso-
nances associated with the 3l 3l configurations, it is pos-
sible to distinguish peaks due to the configurations 3Inl'
up to n =11. The sudden drop in cross section above this
point is due to the fact that the strongest radiative transi-
tions are to the 2pnl' configurations and these were as-
sumed to become autoionizing for n ) 12. (From our con-
sideration of the An =0 transitions, we know 2p3/2nl' ac-
tually becomes autoionizing at n ) 11, while 2p&&2nI' be-
comes autoionizing for n ) 13; however, DRFEUD does not
take into account the energy splittings within the final
configurations involved in radiative transitions, and there-
fore, this appears to be a reasonable compromise. )

C. Dielectronic recombination in Fe +

2i 3i

FIG-. 10. Schematic energy-level diagram showing the transi-
tions associated with An = 1 dielectronic recombination in
Fe '+. The notation is the same as that in Fig. l.

bound configurations 2l"nl' with l"=l+1 and 2l"3l with
l"=I'+1, and to lower levels of the autoionizing configu-
rations 3l"nI' with l"=l —1. The energy-averaged cross
section for these transitions convoluted with a 3-eV
gaussian is shown in Fig. 11. As can be seen, compared
to the An =0 transitions, this cross section is relatively
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24+Fe
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2s 3P
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2s 2p

5 2

The last ion in our study is hydrogenlike iron. Systems
which will not be influenced by external fields are of in-
terest for future experimental investigations; since the
lowest energy excitations from the ground state in Fe +
involve An = 1 transitions, we would not expect dielect-
ronic recombination in this ion to be affected significantly
by electric fields. Predictions regarding the magnitude of
this cross section are therefore important.

The schematic energy-level diagram for the An =1
transitions in Fe + is shown in Fig. 12. The doubly ex-
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FIG. 11. hn =1 energy-averaged cross section in Fe + as a
function of energy convoluted with a 3-eV Gaussian. The field
effects are too small to be seen on the scale of this graph.
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FIG. 12. Schematic energy-level diagram showing the transi-
tions associated with hn = 1 dielectronic recombination in
Fe '+. The notation is the same as in Fig. 1.
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cited configurations 21nl' can only autoionize back to the
lsi&z ground state, with the exception of 2p3/inl which
can also autoionize to both the 2si~2 and 2pi&2 levels for
n &21. Of the 2snl configurations, only the 2snp se-
quence can radiate to a bound configuration, and then
only to 1s 2s. The only exception to this is 2s, which ra-
diates to 1s 2p by mixing strongly with 2p . On the other
hand, the 2pn1 configurations can radiate to lsnl, and,
therefore, will dominate the cross section for higher
values of n.

The energy-averaged cross section convoluted with a 3-
eV Gaussian and then a 30-eV Gaussian is shown in the
top and bottom portions of Fig. 13, respectively. As we
would expect, the cross section is dominated by the
lowest-lying resonances, and the field effects are far too
small to be seen on the scale of this graph. The reso-
nances associated with each of the complex of configura-
tions 2lnl', from n =2 through n =7, are clearly visible
and easily resolved. However, it is disappointing that the
size of the predicted cross section indicates that dielect-
ronic recombination in Fe + would be very difficult to
measure with any reasonable electron energy distribution.

IV. DISCUSSION AND CONCLUSIONS
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FICx. 13. An =1 dielectronic-recombination cross section in
Fe + as a function of energy. In the top figure the cross section
has been convoluted with a 3-eV gaussian, and in the bottom
figure the cross section has been convoluted with a 30-eV
gaussian. The field effects are too small to be seen on the scale
of these graphs.

We have calculated the dielectronic-recombination
cross sections for Fe' +, Fe +, and Fe +, in the
isolated-resonance, distorted-wave approximation, includ-
ing the effects of external fields. For both Fe + and
Fe + the dielectronic-recombination cross sections are
dominated by low-lying resonances, and even in Fe' +,
they are quite important; furthermore, the strength of
these resonances is determined primarily by radiative
transitions in which the Rydberg electron is the active
electron. The field effects are only appreciable in the
dielectronic-recombination transitions associated with
An=0 excitations, and even then they decrease rapidly
with ionization stage. It appears from these calculations
that, in the more highly ionized systems of interest in lab-
oratory and astrophysical plasmas, external electric fields
may have a relatively small effect on the total
dielectronic-recombination rates; however, additional cal-
culations on other species are needed to confirm this
point.

As mentioned in Sec. II, we employ the isolated-
resonance approximation in these calculations. In the ab-
sence of external fields, the effect of overlapping reso-
nances on the magnitude of dielectronic-recombination
cross sections, especially for high values of n, is still not
fully understood; however, calculations using multichan-
nel quantum-defect theory seem to be in general agree-
ment with those obtained from the isolated-resonance ap-
proximation. ' ' The effects of interference between reso-
nances becomes more of a problem in the presence of a
field, where the spacing between many of the possible in-
terfering resonances, after Stark splitting, will be less than
the resonance widths. Recently, Sakimoto ' and indepen-
dently, Harmin have extended the multichannel
quantum-defect theory of dielectronic recombination by
Bell and Seaton' to include the effects of electric fields.
Both employ these formulations to perform model calcu-
lations of dielectronic recombination in the presence of a
field. However, at this stage, it is difficult to gauge how
the field enhancement predicted from this new theory will
differ from that predicted by the diagonalization tech-
nique, in conjunction with the isolated-resonance approxi-
mation, as employed here. The critical test will come
when the new formalism is applied to Mg+ where detailed
experimental' and theoretical ' results as a function of
field strength already exist.

One very interesting result which comes out of
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Harmin's calculation is that for n values above the
Inglis-Teller limit, where twice the maximum Stark shift
is equal to the separation between levels with adjacent n

values [n cc (q /3F)'~, where F is the field strength in
a.u.], interference effects tend to decrease the size of the
field enhancement. As mentioned in Sec. II, our calcula-
tions do not include n mixing since this would make the
diagonalization problem almost infinitely large. However,
Harmin's calculations indicate that the combined effects
of n mixing and interference between resonances with dif-
ferent n values will reduce the cross section. This may
reduce, somewhat, the size of the field enhancement
predicted here, but in no way would affect the conclusions
drawn from our analysis.

One process which could have a direct effect on our re-
sults is nonresonant radiative recombination (RR). This is
just the inverse of photoionization and can provide a
background to the total recombination cross section near
threshold. However, more importantly, interference be-
tween radiative and dielectronic recombination could at
least in principle, be important. Recently it has been
speculated that, since the RR cross section increases with
the ionic charge, such interference could be especially im-
portant in highly ionized systems. ' We have investi-
gated this possibility by studying several transitions asso-
ciated with the low-lying resonances in Fe' + and Fe +.

We first consider the case of interference between RR
and DR through the 2p3/211s states of Fe +. Here in-
terference can occur between the dielectronic transitions

32ira Q /n
3v 3k, (k, +Q /n )

(12)

where a is the fine-structure constant, Q is the charge of
the initial ¹ lectron ion, and the cross section is in atom-
ic units. This equation appears to give values for total
radiative-recombination cross sections within 10% of
those obtained from a more elaborate hydrogenic formu-
la, and results for Fe + are shown in Table I. The cross
section is quite large at very low energies, and for an ener-

gy near the first large resonance at 5.0 eV, it adds about
1.0&10 ' cm to the cross section; however, in the re-
gions of the 2p&/z and 2p3/z series limits the additional
contribution is less than 10%%uo.

~R RR+ ~DR.
We have calculated the values of q for the

J=2~J= 1, J= 1~J= 1, and J=1~J=0 transitions
associated with (9) and (10) above, and they vary from
1.2)&10 to 1.3X10. Thus it is clear that the interfer-
ence between RR and DR is completely negligible here.

Even though the individual values of o.~R are a factor
of 100 smaller than the individual values of o DR, this does
not imply that the total RR cross section is negligible at
this energy. It is determined by summing the individual
values of oz& from all continuum states of 2sk, l, to all
final states of the configurations 2snl. This total can be
estimated from a semiclassical hydrogenic formula due to
Kramers (see, for example, Ref. 16):

2skp ~2p3/211s ~2s 11s+h v

and the radiative recombination transitions

(9)

2skp~2s 11s+hv . (10)

We first note that by far the strongest radiative transitions
in the dielectronic process are not 2p3/211s~2s 11s, but
rather 2p3/211s~2p3/2np, with n (10, and RR cannot
interfere with the latter transitions. Therefore, even if in-
terference between the dielectronic and radiative transi-
tions in (9) and (10) is important, this will have a very
small effect on the cross section at this energy; neverthe-
less, it is interesting to determine the degree of interfer-
ence. Alber et a/. have developed a unified treatment of
radiative and dielectronic recombination for the special
case of a single-electron continuum, and recently Jacobs
et al. have extended this theory to the case of multiple
continua. The equation of Alber et al. in terms of the
energy-averaged cross section for total recombination is
given by

ERR aDR aDR [1+(~r/~a )] + (~r/~a )

gg2 2

where o.~z is the radiative-recombination cross section,

aors

is the energy-averaged dielectronic-recombination
cross section, 4=1+ (A, /q A, ), and q is the Fano q pa-
rameter The third term in this equation is due to the in-
terference between the amplitudes for RR and DR. Obvi-
ously in the limit of large q, Eq. (11) reduces to

Electron energy
eV

0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
6.00
7.00
8.00
9.00

10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00
60.00
65.00

Fe +
CTRR

(10 ' cm )

4.134
1.911
1.204
0.864
0.666
0.537
0.448
0.382
0.332
0.292
0.234
0.194
0.165
0.142
0.125
0.075
0.052
0.039
0.030
0.025
0.021
0.017
0.015
0.013
0.012
0.011

F 23+

(10 ' cm )

11.909
5.692
3.665
2.672
2.086
1.702
1.431
1.231
1.077
0.956
0.776
0.650
0.557
0.486
0.430
0.268
0.190
0.146
0.117
0.097
0.082
0.071
0.063
0.057
0.050
0.045

TABLE I. Radiative-recombination cross sections o.~~ for
Fe' + and Fe + estimated from the approximate hydrogenic
formula Eq. (12).
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For Fe' + we considered interference of RR with the
lowest energy resonance due to the 4s4p Po» levels.
Here interference is possible between the dielectronic tran-
sitions

3skp P—+4s 4p P~3s 4s S+hv
and the radiative-recombination transitions

3skp P~3s4s S+hv .

(13)

(14)

The rates associated with the radiative transitions
4s4p P~3s4s S are about 30% of the total rate from
4s4p P levels, so if interference were important it would
affect the size of this resonance. However, the values of
q are again quite large, varying from 1.6 & 10 to
5.2)&10, and the interference is negligibly small. The
RR cross sections for this ion estimated from Eq. (12) are
also given in Table I. In the region of the lowest energy
resonances, this process would add another 30% to the
cross section, while at the high-energy peak, it would add
less than 1%.

Thus we see that, for both of these ions, RR will contri-
bute to the total recombination cross section close to
threshold, and this may be detectable in future experi-

ments. However, interference between RR and DR is
completely negligible, and, therefore, we would expect
that the size of the low-lying dielectronic-recombination
resonances are predicted with reasonably good accuracy
by these calculations. In Fe +, both radiative recombina-
tion and interference between RR and DR will be com-
pletely negligible in the relatively high-energy range where
DR begins.
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