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Intermediate-coupling calculations of the effects of interacting resonances
on dielectronic recombination in a static electric field

D. C. Griffin
Department of Physics, Rollins College, Winter Park, Florida 32789

D. Mitnik, M. S. Pindzola, and F. Robicheaux
Department of Physics, Auburn University, Auburn, Alabama 36849

~Received 16 July 1998!

Recently, we demonstrated that the enhancement of dielectronic recombination by an electric field, or
crossed electric and magnetic fields, may be reduced by the interaction between resonances through a common
continuum@Phys. Rev. Lett.80, 1402~1998!#. However, these calculations were carried out in a configuration-
average~CA! approximation and the question then remained as to how these predicted reductions might be
affected when one removes the degeneracy inherent in the CA approximation and includes the interactions
between the resonant states associated with individual intermediate-coupled levels. In the present paper we
address that issue for the case of dielectronic recombination in the presence of an electric field. Indeed we have
found that these more detailed calculations support the general conclusions of our earlier work and provide
additional insight into the effects of interacting resonances on dielectronic recombination in the presence of
fields. Results for the Li-like ions C31, Ne71, and Si111 are presented.@S1050-2947~98!02712-7#

PACS number~s!: 34.80.Lx
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I. INTRODUCTION

In recent years there has been a significant numbe
high-resolution measurements of total electron-impact
combination. In general, these measurements have bee
good agreement with theoretical calculations using
independent-processes, isolated-resonance approximati
which one ignores interference effects between radiative
combination and dielectronic recombination~DR! as well as
between individual dielectronic resonances. A number
theoretical studies have considered the effects of the inte
tions between individual resonances@1–9# on dielectronic
recombination. However, in the absence of external fields
one has yet been able to demonstrate clearly that such i
actions have any significant effect on total DR.

When there are no external fields, only a small fraction
the total number of resonances can interact with each o
through a common electron or photon continuum@5#. In or-
der to interact through the electron continuum, they m
have the same parity and the same total angular momen
In order to couple through the photon continuum, they m
differ by no more than two units of angular momentum;
addition, they cannot couple through a core radiative tra
tion unless they also exhibit strong configuration interact
and radiative coupling through the Rydberg electron can
appreciable only for relatively small values of the princip
quantum number. Furthermore, those resonances that ca
teract must be separated by no more than a few times
natural widths in order to show any appreciable interfere
effects @5#. All these factors significantly limit the impor
tance of interacting resonances on total DR in a field-f
environment.

With the introduction of static fields, things change s
nificantly. It is now well known that an external electric fie
can cause a large enhancement of DR. This is due to the
that the probability of recombination into doubly excited Ry
berg states decreases rapidly with the angular momentuml of
PRA 581050-2947/98/58~6!/4548~8!/$15.00
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the Rydberg electron. However, the electric field mixes R
dberg states that differ inl by one; this redistribution of
angular momentum then opens up many more channels
recombination and thereby increases the DR cross sec
More recently it has been demonstrated that additional
hancement of DR occurs with crossed electric and magn
fields @10,11#. In the presence of an electric or a magne
field alone or parallel electric and magnetic fields,M is a
good quantum number and the probability of recombinat
falls off rapidly with M. However, when the magnetic fiel
has a component perpendicular to the electric field, sta
that differ in M by one mix; this redistribution of magneti
quantum numbers opens up still more channels for recom
nation and further enhances the DR cross section.

This mixing of states in the presence of fields can a
cause a significant increase in the interaction between die
tronic resonances through a common continuum. For
ample, since the electric field mixes states of opposite pa
and states that differ by one in the total angular momentu
many more states can interact through a common continu
Furthermore, the field-mixed states in the presence of r
tively small electric fields are sufficiently closely spaced th
many of the resonances are overlapping~i.e., their widths are
larger than the energy spacing!.

Indeed, in an earlier study@12#, we employed a
configuration-average~CA! approximation to demonstrat
that interactions through common continuua can subs
tially reduce the enhancement of DR by electric and cros
electric and magnetic fields. However, all the levels of
given doubly excited configuration are treated as a sin
entity in these CA calculations; therefore, they do not
clude the interactions between the resonant states assoc
with individual levels. It was then essential to examine ho
the removal of this degeneracy between levels of a confi
ration would affect the magnitude of these interactions a
thereby our general conclusions regarding the importanc
interfering resonances to field-enhanced DR. In this paper
4548 © 1998 The American Physical Society
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have done that by considering the effects of interacting re
nances on dielectronic recombination in an electric field,
ing a full level-to-level intermediate-coupling~IC! approach.

The remainder of this paper is arranged as follows. In
next section we present a summary of the theoretical m
ods that are employed. In Sec. III we consider the Li-li
ions C31, Ne71, and Si111 and present the results of ou
intermediate-coupled total DR cross section calculations
these ions with and without the inclusion of interacting re
nances. We also compare our IC results for C31 and Si111

with our earlier CA DR cross sections. Finally, in Sec. I
we summarize our findings and discuss their implications

II. THEORETICAL METHODS

In our earlier paper on this subject@12# we gave a brief
development of interacting resonance theory leading to
calculation of dielectronic recombination in the CA appro
mation. Here we repeat that theoretical development, foc
ing on the specific form of these equations that applies to
present treatment of the individual doubly excited levels
intermediate coupling.

We employ the projection operator technique@13,14# in
which the Schro¨dinger equation may be written as thre
coupled equations

~E2PH0P!PC5PVQQC, ~1!

~E2QH0Q2QVQ!QC5QVPPC1QDRRC, ~2!

~E2RH0R!RC5RDQQC, ~3!

where the total HamiltonianH5H01V1D and the projection
operatorsP1Q1R51. The HamiltonianH0 represents the
electron-nuclear interactions and the configuration-aver
portion of the electron-electron interactions;V includes the
residual electron-electron interactions, the spin-orbit inter
tions, and the electron interactions with the external elec
field; andD represents the interaction of the electrons w
the radiation field, which in the dipole approximation
given byD5A2v3/3pc3( i rW i , wherev is the frequency of
the emitted radiation andc is the speed of light.

P projects onto states ofN bound electrons, one con
tinuum electron, and no photons and is expanded in a b
set consisting of the solutions to the configuration-aver
Hartree-Fock~CAHF! equations for theN bound electrons
and the configuration-average distorted-wave~CADW! equa-
tions for the continuum electron.Q projects onto doubly ex-
cited autoionizing states ofN11 ‘‘bound’’ electrons and no
photons and is expanded in a basis set consisting of the
lutions to the CAHF equations for these autoionizing sta
Finally, R projects onto the ground and bound excited sta
of N11 bound electrons and one photon and is expande
a basis set consisting of the solutions to the CAHF equat
for these states. In Eq.~1! we have ignored continuum
continuum coupling either by the electron-electron inter
tion (PVP50) or the radiation field (PDP50) since we
employ distorted waves. In addition, we have not includ
the coupling of the continuum channels directly to t
N11 bound electrons in either Eq.~1! (PDR50) or Eq.~3!
(RDP50) since we are not interested in radiative recom
o-
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nation. In Eq.~2! we also ignore cascades among the dou
excited autoionizing levels (QDQ50). Finally, in Eq. ~3!
we ignore the detailed level structure of the bound electr
(RVR50), although in the case of the Li-like ions consi
ered here, we do correct the energies of the doubly exc
bound levels of the type 2pnl for the spin-orbit interaction
of the 2p electron.

We see from Eq. ~1! that PC5Pc11(E
2PH0P)21PVQQC and from Eq. ~3! that RC5(E
2RH0R)21RDQQC; thus we may formally solve forQC
by substituting these into Eq.~2!:

QC5~E2H̃ !21QVPc1. ~4!

Here the HamiltonianH̃ is given by

H̃5QH0Q1QVQ1QVP~E2PH0P!21PVQ

1QDR~E2RH0R!21RDQ ~5!

andc1 is a wave function consisting of CAHF solutions fo
the N bound electrons plus a CADW solution for the co
tinuum electron, which satisfies the outgoing-wave bound
conditions; in the above notation,c1 corresponds to the ho
mogeneous solution of Eq.~1!. The matrix element for DR is
given by

M5^xuRDQuQC&, ~6!

wherex is a solution to the CAHF equations for the fin
(N11)-electron bound states; in the above notation, it c
responds to the homogeneous solution of Eq.~3!. Substitut-
ing Eq. ~4! into Eq. ~6!, we find that the matrix element fo
DR from a statei of the initial level plus the continuum
electron to a final bound statef is given by

Mf i5^x f uRDQ~E2H̃ !21QVPuc i
1&. ~7!

The DR cross section is proportional touM f i u2. However,
before applying this equation, we must first analyze
HamiltonianH̃ in terms of a basis set of the doubly excite
autoionizing states. We choose the setufa&, which consists
of the solutions of the configuration-average Hartree-Fo
equation

~E2QH0Q!ufa&50, ~8!

and in our work will be represented in purej -K coupling for
each of the degenerate levelsa of a given doubly excited
configuration. In the pole approximation for outgoing wave
we may express the matrix elements ofH̃ in this basis set in
terms of the generalized autoionizing ratesGab

a and the gen-
eralized radiative ratesGab

r as

^fauH̃ufb&[H̃ab5Eada,b1Vab2
i

2
~Gab

a 1Gab
r ! , ~9!

where

Gab
a 5

4

k(i
^fauQVPuc i

1&^c i
1uPVQufb& ~10!
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and

Gab
r 52p(

f
^fauQDRux f&^x f uRDQufb&. ~11!

In Eq. ~10! the continuum wave function is normalized
one times a sine function andk is the linear momentum o
the continuum electron. The diagonal elements ofGab

a and
Gab

r are the total autoionization and total radiative rates
atomic units evaluated in purej -K coupling; it is important
to note that they do not include the effects of intermedi
coupling or field mixing. The DR cross section to go fro
statei to statef may then be written as

sDR
f← i~E!5

8p2

k3 U(
a,b

D f a@~E2H̃ !21#abVb iU2

, ~12!

whereD f a5^x f uRDQufa& andVb i5^fbuQVPuc i
1&.

We now consider the eigenvalues and eigenvectors of
complex matrixH̃ab :

(
b

H̃abUbr5UarẼr. ~13!

SinceH̃ab is not Hermitian, the eigenvalues will be comple
and with the outgoing wave boundary conditions, the ima
nary part of the eigenvalues will be negative. However, si
H̃ab is symmetric, the eigenvectors must be orthogonal
they can also be normalized to one so that(bUbrUbr8
5drr8 . Furthermore, the closure relationship is(rUarUbr

5dab . One can now transform the Green’s function to t
space described by the complex eigenvalues and eigen
tors of Eq.~12! using the equation

~E2H̃ !ab
215 (

r,r8
Uar~E2H̃ !rr8

21 Ubr8

5 (
r,r8

Uar~E2Ẽr!21drr8Ubr8 . ~14!

We then obtain the expression for the cross section

sDR
f← i~E!5

8p2

k3 U(
r

D f r~E2Ẽr!21Vr iU2

, ~15!

where D f r5(aD f aUar and Vr i5(bVb iUbr . In order to
evaluate the total DR cross section from the initial level
the ion, we sum over the final bound statesf of the
(N11)-electron ion and average over the initial states of
N-electron ion plus the continuum electron to obtain

sDR
tot ~E!5

p

2gk2(
r,r8

Grr8
a Grr8

r

~E2Ẽr8
* !~E2Ẽr!

, ~16!

whereg is the statistical weight of the initial level of the ion
the factor of 2 in the denominator is the statistical weight
the continuum electron, andGrr8

a and Grr8
r are the general-

ized autoionizing and radiative rates, respectively, evalua
in the basis set formed from the eigenvectors ofH̃ab . They
are given by
n

e

e

i-
e
d

ec-

f

e

f

d

Grr8
a

5
4

k(i
Vr8 i

* Vr i5(
a,b

Ubr8
* UarGab

a ~17!

and

Grr8
r

52p(
f

Dr8 f
* Dr f5(

a,b
Ubr8

* UarGab
r ~18!

and are complex and include the effects of intermediate c
pling, electric-field mixing, and interacting resonances@15#.

Finally, we convolute this total cross section with
weight functionW(E,E0), which has an energy width muc
greater than the imaginary parts ofEr :

^sDR
tot &~E0!5E sDR

tot ~E!W~E,E0!dE. ~19!

In using the residue theorem to evaluate this integral,
average over two possible contour integrals, one in the up
half, of the complex plane and the other in the lower half,
obtain the approximate result

^sDR
tot &~E0!.

p2i

gk2(
r,r8

Grr8
a Grr8

r

3W~ 1
2 Re@Ẽr1Ẽr8#,E0!/~Ẽr8

* 2Ẽr!. ~20!

In this paper we will present the results of the total cro
section integrated over the energy of the doubly exci
states of a particular prinicipal quantum numbern of the
Rydberg electron. To do this we use a weight function
width DE larger than the largest energy spread of the dou
excited states within anyn manifold and with a constan
magnitude equal to 1/DE. We then obtain the following re-
sult for sDE:

^sDR
n,tot&DE5

p2i

gk2(
r,r8

Grr8
a Grr8

r /~Ẽr8
* 2Ẽr!, ~21!

where the double sum overr andr8 is now over all eigen-
vectors ofH̃ab within a givenn manifold. Although it is not
obvious from this equation, it is quite straightforward
show that the double sum in Eq.~21! is purely imaginary so
that the cross section will be real, as required.

Equation~21! is the primary working equation of this pa
per; however, for comparison we have also evaluated
total DR cross sections for a given value ofn using the
isolated resonance approximation

^sDR
n,tot& DE5

p2

gk2(
j

Aj
aAj

r /~Aj
a1Aj

r !, ~22!

where the sum overj is over all doubly excited resonan
states within then manifold. Here we use the symbolsAj

a

and Aj
r to represent the intermediate-coupled, electric-fi

mixed autoionizing and radiative rates for a given doub
excited resonance statej; they are calculated in the isolate
resonance approximation from the expressions

Aj
a5

4

k(i
U(

b
Yb jVb iU2

5(
a,b

Yb jYa jGab
a , ~23!
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Aj
r52p(

f
U(

b
Yb jD f bU2

5(
a,b

Yb jYa jGab
r , ~24!

whereYb j are the real eigenvectors of the Hamiltonian w
matrix elements given by the real parts of Eq.~9!.

It should be pointed out that for simplicity in the abov
equations, we have not distinguished between the total
toionizing rates to the states of the initial level of theN-
electron ion and the total rates to the states of all lower lev
of the N-electron ion. However, for the Li-like ions consid
ered here, the only autoionizing transitions are to the sin
initial level 2s 2S1/2 since we do not include values ofn high
enough that the intercombination transitions from 2p3/2nl to
2p1/2 are possible. The programs that we employ to ma
these calculations do make these distinctions and there
can be applied to a more general case.

We have carried out calculations of total DR in an elect
field in the isolated-resonance approximation from Eq.~22!
using our programDRFEUD, which is described in detail by
Griffin et al. @16#. We have also developed a modified ve
sion of that program to perform calculations of total DR
an electric field with the inclusion of interacting resonanc
using Eq.~21!.

The calculations performed using interacting-resona
theory are tractable in the presence of an electric field, e
though one must repeatedly diagonalize a complex Ha
tonian for each possible value of the magnetic quantum n
ber M. However, we are not able to consider similar calc
lations in the presence of crossed electric and magn
fields. The reason is that sinceM is no longer a good quan
tum number, the matrices that must be diagonalized usin
full IC approach are extremely large@11#, and performing
diagonalizations of a complex Hamiltonian for such a syst
is not feasible at the present time. However, these
electric-field calculations should shed some light on the
lidity of our earlier CA, interacting-resonance theory calc
lations of DR in the presence of crossed electric and m
netic fields@12#.

III. RESULTS OF CALCULATIONS

We now present our results for the Li-like ions C31,
Ne71, and Si111. The ions C31 and Si111 were considered in
our CA calculations@12# and Ne71 was added in order to
provide more detail regarding the variation of these effects
a function of ionization stage.

In Fig. 1 we show the values for̂sDR
n,tot& DE for C31

calculated using Eqs.~21! and ~22! as a function ofn for
electric fields of 2 V/cm and 20 V/cm. For comparison, w
also display the no-field results, calculated in the isolat
resonance approximation. We see that with a relatively sm
electric field of 2 V/cm, the quantitŷsDR

n,tot&DE, calculated
in the isolated-resonance approximation, increases rap
with n from n512 to n522 and then increases more grad
ally up to aboutn530, where it begins increasing more ra
idly again. However, the values of^sDR

n,tot& DE, calculated
with the inclusion of interacting resonances, are significan
reduced compared to the isolated-resonance values and
increase very gradually throughout this range ofn. The re-
duction due to the effects of interacting resonances is ab
40% atn540. However, when the field is increased to
u-
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V/cm, the effects of interacting resoances are much less
matic and the reduction atn540 for this field is only about
17%. In general, as the electric field becomes larger,
significance of the interactions between the resonances i
duced; the states are sufficiently spread out in energy by
larger field that fewer of the resonances are overlapping

Another way to demonstrate these effects as a functio
field strength is provided in Table I. There we give the v
ues of^sDR

tot & DE for C31, integrated over an energy rang
from n525 to n538 as a function of electric-field strength
We show separately in this table the results for the 2p1/2nl
and 2p3/2nl resonances as well as the totals. Finally,
compare our results with those obtained from the CA
proximation in Ref.@12#. We first see that, in the absence
the electric field, the effects of interacting resonances are
the order of 223 %. These very small effects are what w
would expect on the basis of the arguments presente
Sec. I.

These integrated values of^sDR
tot & DE, calculated in the

isolated-resonance approximation, for the 2p1/2nl and
2p3/2nl resonances show quite different behavior as a fu
tion of electric-field strength. In the case of the 2p1/2nl reso-
nances, the cross section increases dramatically as the fie
increased from 0 V/cm to 2V/cm and then increases o
slightly as the field strength is further increased. On the ot
hand, the cross section for the 2p3/2nl resonances increase
rather gradually with field strength. This difference in beha
ior as a function of electric field is due solely to the diffe
ences in the atomic structure of these two sets of resonan
The 2p3/2nl levels are spread out by the direct electrosta
quadrupole interaction as well as the smaller exchange te
and the spin-orbit interaction of thenl electron. However,

FIG. 1. Total dielectronic recombination cross section times
energy-bin width as a function ofn for C31 from an IC calculation.
Solid triangles, isolated resonances and no fields; open circles
teracting resonances and an electric field of 2 V/cm; solid circ
isolated resonances and an electric field of 2 V/cm; open squa
interacting resonances and an electric field of 20 V/cm; so
squares, isolated resonances and an electric field of 20 V/cm.
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TABLE I. DR cross section times the energy-bin width for C31 integrated over an energy including a
states fromn525 to n538. Thes r are from the isolated-resonance approximation, while thesc include
interacting resonances. The CA results are from Ref.@12#.

IC calculations
F s rDE scDE scDE/s rDE

~Mb eV! ~Mb eV!

~V/cm! 2p1/2 2p3/2 Total 2p1/2 2p3/2 Total 2p1/2 2p3/2 Total

0 0.139 0.274 0.412 0.136 0.265 0.401 0.98 0.97 0.
2 0.618 0.387 1.005 0.272 0.342 0.614 0.44 0.88 0.
4 0.638 0.561 1.199 0.366 0.463 0.828 0.57 0.83 0.
6 0.649 0.707 1.356 0.421 0.570 0.991 0.66 0.81 0.
8 0.656 0.826 1.482 0.459 0.659 1.118 0.70 0.80 0.
10 0.661 0.929 1.590 0.487 0.735 1.222 0.74 0.79 0.
15 0.670 1.107 1.777 0.533 0.882 1.415 0.80 0.80 0.
20 0.677 1.224 1.901 0.563 0.989 1.552 0.83 0.81 0.

CA results: totals
F s rDE scDE scDE/s rDE

~V/cm! ~Mb eV! ~Mb eV!

0 0.50 0.50 1.00
2 2.18 1.05 0.48
4 2.21 1.43 0.65
6 2.22 1.65 0.74
8 2.23 1.79 0.80
10 2.24 1.88 0.84
15 2.25 2.02 0.90
20 2.26 2.09 0.92
th

cle
le
ar
oli
.

the

cles,
lid
pen
/cm;
/cm.
FIG. 2. Total dielectronic recombination cross section times
energy-bin width as a function ofn for Ne71 from an IC calcula-
tion. Solid triangles, isolated resonances and no fields; open cir
interacting resonances and an electric field of 5 V/cm; solid circ
isolated resonances and an electric field of 5 V/cm; open squ
interacting resonances and an electric field of 100 V/cm; s
squares, isolated resonances and an electric field of 100 V/cm
e

s,
s,
es,
d

FIG. 3. Total dielectronic recombination cross section times
energy-bin width as a function ofn for Si111 from an IC calcula-
tion. Solid triangles, isolated resonances and no fields; open cir
interacting resonances and an electric field of 10 V/cm; so
circles, isolated resonances and an electric field of 10 V/cm; o
squares, interacting resonances and an electric field of 150 V
solid squares, isolated resonances and an electric field of 150 V
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TABLE II. Same as Table I, but for Ne71; there are no CA results for this case.

IC calculations
F s rDE scDE

~V/cm! ~Mb eV! ~Mb eV! scDE/s rDE
2p1/2 2p3/2 Total 2p1/2 2p3/2 Total 2p1/2 2p3/2 Total

0 0.235 0.471 0.706 0.232 0.463 0.695 0.99 0.98 0.
5 0.672 0.564 1.236 0.308 0.512 0.820 0.46 0.91 0.
10 0.779 0.701 1.480 0.394 0.597 0.991 0.51 0.85 0
15 0.821 0.814 1.635 0.460 0.683 1.143 0.56 0.84 0
25 0.850 0.985 1.835 0.549 0.830 1.379 0.65 0.84 0
50 0.872 1.244 2.116 0.660 1.075 1.735 0.76 0.86 0
75 0.882 1.415 2.296 0.715 1.229 1.944 0.81 0.87 0
100 0.888 1.547 2.435 0.751 1.347 2.098 0.85 0.87 0
en
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there is no direct quadrupole interaction within the 2p1/2nl
levels; thus these resonances are much more nearly deg
ate and a very small electric field will have a pronounc
effect on the DR cross section for these resonances. We
see from the lower portion of Table I that a similar variati
with field strength is displayed by the CA cross sectio
calculated in the isolated-resonance approximation. T
would be expected since the levels of 2pnl are completely
degenerate in the CA approximation.

We also see from this table that the effects of interact
resonances are more pronounced for the 2p1/2nl resonances
than for the 2p3/2nl resonances for all but the highest tw
field strengths; in fact, at 2 V/cm, the reduction in the cro
section due to interacting resonances is about 56% for
2p1/2nl resonances as compared to only 12% for the 2p3/2nl
er-
d
lso

,
is

g

s
e

resonances. This is again due to the fact that the 2p1/2nl
resonances are more nearly degenerate, leading to m
more overlapping resonances than in the case of the 2p3/2nl
resonances. These data also show how the effects of inte
ing resonances become less significant as the field stre
increases.

Although we originally predicted that the effect of inte
acting resonances might be less pronounced in a full IC
culation than in a CA calculation@12#, as can be seen from
Table I, this is only true at the lowest two field strengths.
the higher field strengths the effect is actually larger in th
much more detailed calculations.

In Figs. 2 and 3 we show our values of^sDR
n,tot&DE as a

function ofn for Ne71 and Si111. The Stark matrix elements
tend to go off as the inverse of the charge of the ion, wh
99
.78
.72
.73
.73
.74
.77
.80
.83
TABLE III. Same as Table I but for Si111.

IC calculations
F s rDE scDE

~Mb eV! ~Mb eV! scDE/s rDE
~V/cm! 2p1/2 2p3/2 Total 2p1/2 2p3/2 Total 2p1/2 2p3/2 Total

0 0.328 0.668 0.996 0.326 0.661 0.987 0.99 0.99 0.
10 0.544 0.834 1.378 0.370 0.708 1.078 0.68 0.85 0
20 0.696 0.986 1.682 0.432 0.782 1.214 0.62 0.79 0
30 0.793 1.094 1.886 0.491 0.860 1.351 0.62 0.79 0
40 0.853 1.178 2.031 0.540 0.934 1.474 0.63 0.79 0
50 0.895 1.248 2.143 0.582 1.001 1.583 0.65 0.80 0
75 0.954 1.385 2.339 0.663 1.142 1.805 0.69 0.82 0
100 0.985 1.492 2.477 0.720 1.252 1.972 0.73 0.84 0
150 1.017 1.653 2.669 0.795 1.415 2.210 0.78 0.86 0

CA results: totals
F s rDE scDE

~V/cm! ~Mb eV! ~Mb eV! scDE/s rDE

0 1.25 1.25 1.00
10 1.51 1.39 0.92
20 1.95 1.64 0.84
30 2.31 1.89 0.82
40 2.57 2.12 0.82
50 2.77 2.31 0.83
75 3.09 2.67 0.86
100 3.27 2.90 0.89
150 3.46 3.18 0.92
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the separation of levels with differentl and the samen and
the electron-electron matrix elements tend to increase
early with the charge of the ion; finally, the spin-orbit inte
action tends to increase as the fourth power of the ion cha
@17#. Thus we have used larger fields as we consider m
highly ionized species in order to show comparable effe
In the case of Ne71 we compare results for fields of 5 V/cm
and 100 V/cm, while for Si111 we compare results for field
of 10 V/cm and 150 V/cm. We see that these curves are q
similar to those in Fig. 1 for C31; the primary difference is
that, at the lowest field strength, we do not see the ra
increase in the isolated resonances values of^sDR

n,tot&DE in
the lower values ofn that is seen in the case of C31. Again
the effect of interfering resonances in these ions is m

FIG. 4. Ratioss IC
c DE/sCA

c DE ~where the the cross sections a
integrated over an energy including all states fromn525 to n
538) as a function of electric-field strengthF. The ratios in~a! are
for C31 and are calculated from the data given in Table I, while
ratios in~b! are for Si111 and are calculated from the data given
Table III.
-

ge
re
s.

ite

id

h

more pronounced at the lower field strengths.
In Tables II and III we present the values of^sDR

tot &DE for
Ne71 and Si111, again integrated over an energy range fro
n525 to n538, as a function of electric-field strength. I
these two ions, interacting resonances reduce the cross
tion by only about 1% in the absence of a field. We also
a more gradual increase in the isolated resonances cross
tions for the 2p1/2nl resonances with field strength, esp
cially in the case of Si111. This is primarily due to the fact
that the 2p1/2nl resonances are somewhat less degenerate
higher charge states. However, in both of these ions,
effects of interacting resonances remain more pronoun
for the 2p1/2nl resonances than for the 2p3/2nl resonances.
We also see in Table III that the CA isolated-resonan
cross sections for Si111 increase much more gradually wit
field strength than is the case for C31; this is due to the
increase with charge state in the separation between do
excited configurations with the same value ofn and different
values ofl . Finally, we see from Table III that in Si111 the
effects of interacting resonances, calculated in the IC
proximation, are more significant than for those calculated
the CA approximation at all field strengths.

In order to provide a final comparison of our IC calcul
tions with our earlier CA calculations, we show in Fig. 4 th
ratios s IC

c DE/sCA
c DE, integrated over an energy range i

cluding all states fromn525 to n538, as a function of the
electric-field strength. The results in Fig. 4~a! are for C31

and were calculated from the data in Table I, while the
sults in Fig. 4~b! are for Si111 and were calculated from th
data in Table III. As can be seen, the variation of these ra
with field strength is more significant for C31; this might be
expected since DR cross sections are more sensitive to
details of the level structure for lower stages of ionization
is well known that in the absence of fields and in the isola
resonance approximation, CA calculations often overe
mate total DR cross sections; with the inclusion of elect
fields and interacting resonances this becomes some
more pronounced.

IV. CONCLUSIONS

Although our earlier work using the CA approximatio
predicted that interacting resonances would significantly
duce the enhancement of DR by static fields, it was esse
that the magnitude of these effects be investgated using a
IC approach. This has now been accomplished for the cas
DR for Li-like ions in a static electric field; the effects ar
found to be even larger than were indicated by our ear
CA calculations, except for the lowest fields in the lowe
charge state considered. As the electric-field strength is
creased, the magnitude of the effects of interacting re
nances decreases; however, it does so rather gradually.
it is only in the presence of very strong electric fields that
would expect the isolated-resonance approximation to p
vide accurate estimates of electric-field enhanced DR
these ions.

Furthermore, we have discovered that the effects of in
acting resonances are much more significant in the m
nearly degenerate 2p1/2nl resonances than in the 2p3/2nl
resonances, where the direct quadrupole interaction caus
wider energy spread. This suggests that in those ionic
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tems where the levels of a given doubly excited configu
tion are more uniformly spread out, the effects of interact
resonances may reduced from what we have determined
these Li-like ions. However, the inclusion of electric fie
mixing and interacting resonance theory in calculations
DR in more complex ionic species, where there may be
degeneracy in the levels, would be a very formidable t
indeed.

Because of the size of the complex matrices involve,
are not able to investigate these effects in Li-like ions
crossed electric and magnetic fields. Our earlier work us
the CA approximation shows that the size of the reduct
due to interacting resonances is more significant whe
crossed magnetic field is included. Based on our pres
work with an electric field, we would predict that these C
calculations give a lower limit to the size of the reductions
crossed fields and a full IC calculation for this case wo
lead to even larger reductions. Furthermore, one might
pect from the ratios given in Fig. 4 for DR in the presence
an electric field alone that the actual magnitude of the
DR cross sections for Li-like ions in the presence of cros
fields might be reduced by about 25–40 % if a full IC calc
A

R

-
g
for

f
ss
k

e
r
g
n
a
nt
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f

d
-

lation could be peformed, depending on the charge state
the strength of the fields.

This all demonstrates that detailed theoretical analyse
ongoing experiments of DR in storage rings remain a form
dable problem in atomic physics. In all of these experime
there are crossed electric and magnetic fields in the inte
tion region. A complete theoretical analysis would then
quire a full intermediate-coupling calculation with the incl
sion of interacting resonances and crossed electric
magnetic fields. Even if this is accomplished, the problem
determining how these recombined ions evolve before en
ing the analysis region, where they are field ionized, w
continue to complicate the situation@18#.
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