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The linear-Stark-effect approximation is employed to investigate the effects of electric fields on
autoionizing doubly excited atomic states corresponding to relatively large values of the outer-electron
principal quantum number n. By assuming that a statistical distribution of the inner-electron. magnetic
sublevels has been established, simple expressions are derived which relate the autoionization and radiative
transition rates in the presence of an electric field to the respective field-free rates. It is pointed out that the
multiphoton laser excitation of the doubly excited states can give rise to a nonstatistical distribution of the
magnetic sublevels and to complex interference terms involving transition amplitudes associated with different
values of the outer-electron angular momentum quantum number l. The results of calculations are presented
for the autoionization and radiative-transition rates which play the most important role in the dielectronic
recombination of the Li-like Fe+ ' ion through the 2p —+2s inner-electron transition, where the contributions
from large-n values are particularly important. In these calculations it is assumed that the magnetic sublevels
are statistically populated and only the simple expressions for the transition rates are employed. The effects
of the electric field on the dominant (inner-electron) radiative decay rate can be neglected, but the electric
field mixing of the outer-electron l substates substantially increases the autoionization rates from the higher-l
sublevels.

I. INTRODUCTION

The Stark energy-level structure of doubly
excited autoionizing atomic states corresponding
to relatively large values of the outer-electron
principal and angular momentum quantum num-
bers n and l is expected to be analogous to that
for the corresponding Rydberg bound states. The
calculation of the transition rates for various
spontaneous decay processes, however, repre-
sents a more complex problem for autoionizing
states. In particular, the autoionization rates
can be significantly altered by the field-induced
mixing of the unperturbed l substates. In this
investigation, we do not attempt to develop a
comprehensive theory of the electric field
effects, which should be capable of describing
strong-field phenomena involving the mixing of
outer-electron l substates corresponding to many
different values of n, including the continuum
states. Instead, this investigation has been lim-
ited to the development of a detailed theory based
on the linear-Stark-effect approximation, which
describes the electric field mixing of only the
l substates corresponding to a given value of n.
This approximation is expected to be valid for
high l and also for high residual ionic charge Z.

The effects of electric fields on the spectral
features associated with autoionizing resonances
is a subject of considerable current experimental
interest. The Stark-switching technique orig-
inally suggested by Freeman and Kleppner' has
been incorporated into a three-'photon laser ex-
citation procedure by Cooke et pl. to populate the

doubly excited autoionizing states of Sr corres-
ponding to large values of l, which are normally
inaccessible owing to the field-free electric-
dipole optical selection rules. In a closely re-
lated experiment, Freeman and Bjorklund were
able to observe the effects of a static electric
field on the multiphoton ionization line shapes
and widths associated with Rydberg autoionizing
resonances. They have given particular empha-
sis to the strong field dependence of the spectra
for field strengths which cause a substantial
mixing of l substates corresponding to different
values of n. Qver a limited range of field
strengths, some of their spectral data may be
understandable within the framework of the
linear-Stark-effect approximation, in which the .

resonances are assumed to be well separated
and the widths, although different from the field-
free values, are predicted to be independent of
the field.

Rydberg autoionizing states can play the most
important role in the dielectronic recombination
process described by Burgess, 4 which is often the
dominant recombination process for multiply
ionized nonhydrogenic atomic ions in high-temp-
erature plasmas. In this process a doubly ex-
cited autoionizing state j,nl is formed by radia-
tionless capture (the inverse ot autoionization),
and recombination is accomplished through a
stabilizing radiative transition to a singly excited
bound state by means of the inner-electron de-
excitation j -i. In a comprehensive monograph
devoted to the broadening of atomic spectral
lines by plasmas, Griem5 points out that the
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radiating atomic system is subjected to a dis-
tribution of microscopic electric fields which is
produced by the surrounding charged particles.
The action of the quasistatic ion-produced elec-
tric microfield causes a mixing of the nearly
degenerate l substates which substantially in-
creases the radiationless capture (and the corres-
ponding autoionization) rates for the normally in-
accessible higher-/ substates, which have negli-
gible capture and autoionization rates in a field-
free environment. The linear-Stark-effect ap-
proxi~ation, which is the basis of practically all
Stark-broadening .profile calculations' which take
into account ion-produced fields, has been em-
ployed to investigate this effect, and a signifi-
cant enhancement is predicted in the total dielec-
tronic'recombination rate obtained by adding the
individual / contributions for a given n.

In this investigation, the linear-Stark-effect
approximation is fully exploited in order to gain
a simple physical understanding of some of the
effects of a uniform static electric field on the
radiative and autoionization rates which deter-
mine the resonance profiles in absorption and
emission spectra. The autoionizing resonances
and the adjacent continua will be treated as sep-
arate states; and the resonance-level separa-
tions will be assumed to be large in comparison
with the total widths due to all spontaneous auto-
ionization and radiative- decay processes. Sea-
ton7 had demonstrated that the accuracy of the
isolated- resonance approximation improves with
increasing Z, provided that the dominant con-
tribution to the total width arises from autoioniza-
tion. Shore has shown that the total dielectronic
recombination rates can be evaluated by treating
those overlapping resonances with different an-
gular momentum quantum numbers as separate
states. Finally, the isolated- resonance approxi-
mation may be particularly appropriate when it
is employed in conjunction with the linear-Stark-
effect approximation, in which the resonance-
level separations have an additional displacement
which increases linearly with the field strength
whereas the total widths, although different from
the field-free values, are independent of the field.

In Sec. II, we present a detailed description of
the electric-field-induced transformation of the
field-free outer-electron states and a discussion
of the various conditions which determine the
validity of the linear-Stark-effect approximation;
The most significant result of this investigation is
presented in Sec. III, where we derive a simple
expression relating the autoionization rate in the
presence of an electric field to the field-free rates
for the individual E substates. In this derivation,
it is assumed that a statistical distribution of the

inner-electron magnetic sublevels has been es-
tablished. However, we also present a more gen-
eral expression which is appropriate to a nonsta-
tistical distribution of these magnetic sublevels,
which can result from. the multiphoton laser exci-
tation of the autoionizing states. The radiative-
transition rates in the presence of an electric
field are treated in Sec. IV, and it is emphasized
that the dominant radiative-decay process for the
Rydberg autoionizing states involves the inner-
electron transition which is unaffected by the pre-
sence of the electric field. The theory developed
in this investigation is illustrated in Sec. V by
presenting the results of calculations for the
autoionization and radiative- transition rates which
play the most important role in the dielectronic
recombination of the Li-like Fe23' ion through the
2p-2s inner-electron transition. In these cal-
culations it is assumed that the magnetic sublevels
are statistically populated and the autoionization
rates are obtained by evaluating the simple ex-
pression. Finally, our conclusions are presented
in Sec. VI.

II. ELECTRIC FIELD TRANSFORMATION

In this section we describe the application of
quantum- mechanical perturbation theory tech-
niques to investigate the effects of a uniform
static electric field F on the doubly excited auto-
ionizing states j,nlm. Particular emphasis will
be given to relatively large values of the outer-
electron principal quantum number n. It is
well known that the angular momentum l is no
longer a good quantum number, because the
presence of the electric field destroys the spher-
ical symmetry'. However, the projection rn,
which is defined with respect to the direction of
the electric field, remains a good quantum num-
ber. We note that the nonzero values of m give
rise to a twofold (Kramers) degeneracy of the
outer-electron states which is in addition to the
twofold degeneracy associated with the electron
spin. The excited state j of the residual ion is
assumed to be a low-lying state which is prac-
tically unaffected by the presence of the electric
field.

In the present investigation we will take into
account the electric-field-induced mixing of only
the nearly degenerate outer-electron l substates
corresponding to a given value of n. The appro-
priate transformation of the field-free l sub-
states has the form

)num)= g ~nlm)(nlm~nkm),
l~lml

where the quantum number X, which replaces l
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in the presence of the electric field, can have
the integer values from 0 to n —Im I

—1. The
transformation coefficients (nlm

I
num) together

with the Stark energy eigenvalues E(num) are to
be determined by solving the set of homogeneous
linear equations~

g ((nl'mI —D ~ F Inlm)
&= I ~l

—[E(num) +Z'E„(n a—,„)-']&(1',1))

x(nlmInh. m)=0 l =Iml n —1, (2)

where E„ is the hydrogen ground-state ionization
energy and D denotes the electric-dipole moment
operator.

The field-free states nlm are eigenstates of a
single-electron Hamiltonian which describes the
motion of the outer electron in the potential asso-
ciated with the residual ion in the excited state j.
This potential, which is not spherically symme-
tric, is usually approximated by a function of
only the radial coordinate, and the departure of
the field-free energy eigenvalues E(nlm) from
their nonrelativistic hydrogenic values is con-
ventionally taken into account through the inclu-
sion of the quantum defect 6, which is indepen-
dent of m. However, the multiphoton laser exci-
tation procedure employed in recent experi-
ments ' results in a nonstatistical distribution
of the inner-electron magnetic sublevels for
which the ionic-core potential cannot be repre-
sented by a spherically symmetric function. A
noncentral potential prevents the separation of
the wave equation in spherical coordinates and
introduces into Eg. (2) matrix elements which are
nondiagonal in both l and m. We have taken into,
account only the diagonal matrix element of the
ionic-core potential by including the quantum de-
fects 6, which depend on m as well as on l.

The nonrelativistic contribution to the quantum
defect ~, decreases as 1/Z with increasing
residual ionic charge Z and falls off very rapidly
with increasing l. Accordingly, a good first ap-
proximation for large Z and l is obtained by ne-
glecting the quantum defects and approximating
the matrix elements of the dipole interaction by
the hydrogenic values, which are given by

(nlmInkm) =(- 1) (2l+1)' 2

(n 1n —1-
X

(m —q m+q
m

(4)

The energy eigenvalues are given by the expres-
sion'0

E(num) =—Z E„n +~(n/Z)yeso IF I

and are independent of m. In the linear-Stark-
effect approximation, the electric field causes a
splitting of the n degenerate outer-electron sub-
levels into 2n- 1 Stark sublevels which is lin-
early proportional to the field strength and pro-
duces a mixing of the unperturbed l substates
which is independent of the field.

The linear-Stark-effect approximation is ex-
pected to become a valid description of the elec-
tric field mixing when the Stark displacement
which is obtained from second-order perturba-
tion theory exceeds ~ the field-free separations
between the neighboring l sublevels. The second-
order (Iuadratic-Stark) shift bE"'(nlm) may be
estimated in this field-strength region by retain-
ing in the summation over intermediate unper-
turbed eigenstptes only the two adjacent opposite-
parity eigenstates corresponding to l'=la 1. If
the dipole matrix elements are approximated by
their hydrogenic values, we obtain the well-
known Unsold formula'

(nlmI —D FInl™)=eaoIFI5(l',l+1)

re &12 —m'
x-,'

I

—"I(n'- 1')'~'I'
~z&

" ' 4121
(2)

where E& denotes the larger of / and l'. The as-
sumption of complete degeneracy with respect
to l and m leads to the well-known linear Stark
effect for which the matrix eigenvalue problem
given by Eg. (2) has an exact solution. It is now
convenient to introduce the electric quantum num-
ber q which is related to the quantum number X by
q =n- 2X —Im I

—1 and to the parabolic Iuantum
numbers n, and n2 (defined by Bethe and Salpeter")
by q=n) —n2 ~

The transformation coefficients may be ex-
pressed in terms of the Wigner 3-j symbols by
means of the relationship"

(, ) 9 n, ~~ ~2I[n —(l+1)][(l+1) —m][4(l+1)' —1]' [n —l][l —m][4l —1]'
I--4 Z2''0~'~ i E(nlm) —E(n, l+1, m) E(nlm) —E(n, l-1, m)
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The desired lower limit on IF ~, above which the
linear-Stark-effect approximation is expected to
be valid, is obtained from the condition

b,E'2'(nlm) ~
2 I E(n, l +1,m) —E(nlm)

~

and is the leading nonvanishing first-order con-
tribution to 6, . This contribution vanishes when
averaged over either m& or m but will be non-
vanishing whenever a nonstatistical distribution of
the magnetic sublevels is exci~ed. In the multi-
photon excitation of the doubly excited states by
laser light which is linearly polarized along the
electric field direction, only the substate for
which both m~ and m are zero can be populated.
The nonvanishing first-order quadrupole con-
tribution, which decreases only as l 3 with in-
creasing l, may be more important for large l
than the second-order dipole term.

An upper limit on
~

F
~

is obtained from the con-
dition

, rnid (Z') (e'l
'«iP —

/ (n —
[
m

f

—1) eao
/
F

/

-
/I2~'& &aoi

' (S)

which follows from the requirement that the
largest linear Stark shift must not exceed ~ the
separation between sublevels belonging to differ-
ent values of n. This criterion was introduced
by Inglis and Teller' in connection with the
merging of the higher members of a spectral line
series which results from the action of the quasi-
static electric microfields in a plasma. For
field strengths exceeding the critical value, the
mixing of substates corresponding to different

Freeman and Kleppner' have investigated the
relative importance of various contributions to
the quantum defects for high-angular-momentum
bound states of alkali atoms. They pointed out
that the leading relativistic term, which is ap-
proximately o.~Z2/21, can play a more important
role for large l than the long-range second-order
dipole interaction term, which decreases as l '.
Rydberg autoionizing states corresponding to a
non-8 ionic-core state represent a more com-
plex problem, because additional long-range con-
tributions can occur in first-. order perturbation
theory. Yhe first-order quadrupole contribution
associated with the single-electron core state
j =n&l&m& is found to be given by

(„) 3m'- l(l+1)
(l) (l +1)(2l +1)(2l +3)(2l —1) i

n 2, ~ [Sn2, +1 —3l,(l, +1)][3m, —l, (l, +1)]
2Z~q& (2lq +3)(2lg —1)

values of n can no longer be,neglected. Equations
(6)—(S) suggest that the validity region of the
liHIear-Stark-effect approximation for a given n
increases with increasing Z and l.

A well-known phenomena, - which is associated
with the breakdown of the linear-Stark-effect
approximation, is field- induced ionization. Ac-
cording to classical mechanics, field-induced
ionization can occur when the outer-electron
level lies above the potential barrier in the field
direction. This barrier is lower than the field-
free ionization threshold by the amount 2e(

~
F

~
eZ) ' ~ ~.

The threshold for field-induced ionization is well
defined, because the quantum- mechanical tunnel-
ing effect'3 is usually significant only over an ex-
tremely narrow range of field strengths. If the
Stark shifts are now ignored, the effective thres-
hold for field-induced ionization is found to be
given by

/
F

/
=(Z'/16n')(e/ao), (10)

which is above the Inglis- Teller limit for n &5.
This argument indicates that field-induced ioniza-
tion can be neglected within the validity region of
the linear-Stark- effect approximation.

A closely related phenomena, which is also
associated with the breakdown of the linear-
Stark-effect approximation, is the anomalous
field-induced ionization of certain Stark states
of sodium observed by I.ittman et al. '4 and at-
tributed to the mixing of sublevels corresponding
to different n values.

The discussion given in this section is based on
the assumption that the field strength is suffi-
ciently large to break down the coupling between
the outer-electron angular momentum l and that
of the ionic core. In the following sections, the
transition rates from the doubly excited states d
will therefore be evaluated in the uncoupled rep-
resentation d =j,num.

III. AUTOIONIZATION RATES

In this section, we employ the linear-Stark-
effect approximation discussed in Sec. II in order
to derive an expression for the rate'of the radia-
tionless transition from the Stark doubly excited
state d =j,num, to the continuum state i, k,m,
having the same energy. The outer-electron
continuum state is specified by giving the ejected
electron momentum vector k„which is associated
with the formation of the residua1 ion in the de-
excited state i, and the electron spin-projection
m„. For completeness, we have now introduced
the outer-electron spin- projection quantum num-
bers m, and m„. According to first-order per-
turbation theory, the radiationless transition rate
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is given by

~(d-, k, „)=—„'
( &~, ~, (

V(., k, „&(',

where V is the electrostatic interaction between
the outer electron and the ionic-core electrons.

The ionic-core eigenstates will be specified in
the LS-coupling representations

i=ygI]Mz S)Ms ~

j=y~L~M~ S~Ms,f

(12)

(12)

where y& and y& are used to denote all additional
quantum numbers, including the principal quan-
tum numbers and the parities. The core eigen-
states will be assumed to be sufficiently low-
lying states for which the effects of the electric
field. can be neglected.

In the case of the lowest-lying excited state j,
the final state i which is formed in the autoioniza-
tion process must be the ground state of the re-
sidual ion. For more highly excited states j,
autoionization into a lower excited state i is en-
ergetically allowed and may be the most probable

autoionization process. The inclusion of auto-
ionization into an excited state of the recombining
ion has been found' to result in a substantial re-
duction in the dielectronic recombination rates
for certain ionization stages, because radiation-
less capture from excited states i can almost
always be neglected. This point is brought up in
order to emphasize the importance of giving
consideration to all energetically allowed final
ionic states in the determination of the total
contribution to the width due to autoionization.

The desired expression for the autoionization
rate in the presence of an electric field can be
conveniently derived without unnecessary approxi-
mations by employing general symmetry rela-
tionships. The derivation is accomplished by ex-
panding the initial and final states of the com-
bined system in terms of eigenstates of the total
orbital angular momentum operator L and of the
total spin angular momentum operator S. If the
ejected electron state is first expanded in terms
of its partial-wave components and the additions
of the various angular momenta are expressed in
terms of the Wigner 3-j symbols, the final con-
tinuum-state expansion is obtained in the form'

~z, k&m, )=gg g exp iI ' —o(l&) V,' (k&)(- 1)'& L& "L''~2 ~t-~a[(2L+1)(2$+1)j'12
LJ)II 8N s 2 ]mg

(Lg lg I )(S) ~ S

~ r,L,S,i ~, l„LSM,M.,&, (14)

where o(l, ) is the Coulomb phase shift. At very
large distances between the ejected electron and
the residual ion, the wave functions associated
with the total angular momentum eigenstates
y, L,S), k] lq, LSMI,Ms have the asymptotic form
corresponding to the incoming spherical-wave
boundary condition, '7 which is expressed in terms
of the adjoint of the scattering matrix describing

the multichannel electron- ion collision problem.
These wave functions are assumed to be norm-
alized per unit electron energy interval with func-
tions corresponding to different continuum chan-
nels being orthogonal. In the linear-Stark-effect
approximation described in the preceding section,
the analogous expansion for the initial doubly ex-
cited state d =j, nAmm, is given by

~j, »mm, )=pp Q (nlm~»m)( —1)' L~ "L" ' 'P"~[(2L+1)(2S+1)]'~ 2

s&s

t L~ l L )fS~ 2 S
~ y, LJSj ~l, LSMLMs) . (15)

After the expansions (14) and (15) have been in-
troduced into the expression for the autoioniza-
tion rate, the Wigner-Eckart theorem can be
employed to separate the dependences on the an-
gular momentum projection quantum numbers.
We will derive an expression for the total auto-

ionization rate, which is defined by performing an
integration over the ejected electron angles k&

and summations over the final-state projection
quantum numbers M~, Ms. , and m, It is cus-
tomary to assume that a statistical distribution of
the magnetic sublevels in the initial doubly ex-
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cited state has been established and to carry out
an average over the corresponding projection
quantum numbers ML, Ms, m, and m, . In
order to describe autoionization following the
multiphoton laser excitation of a nonstatistical
distribution of the initial magnetic sublevels, it
will be necessary to retain the dependences on

M~ and m (autoionization will be assumed to
occur before the polarization acquired in optical
excitation can be altered by spin-orbit inter-

actions, so that the averages over Ms and m,Sy
can still be performed).

The autoionization rate from the doubly excited
state with definite values of the projection quan-
tum numbers ML and m can be expressed in

Ly
terms of the reduced matrix elements

(y~L~S~, nl, IS II Vll y, L,S„k,l„LS)

in the form

/

A, (y&L&M~ S~, num -y, I &S„k,) =—2 2222Z(2A +1)( 1) ' -'"&p' (nlm !num)(nl'm
I
num)

l l~ lg A L S

(l l' & It Lq Lq &) Lq l
xl

(m —m Of (-Mi, Ml, Of l' L)A

x(y&L&S&, nl, LSII Vlly&L&S&, k&l&, LS)

x (y&L&S&, nl', LSI I VII y&L&S&, 0
& l;, I S)~, (16)

where the 6-j symbol is obtained from the use of
a standard angular momentum recoupling rela-
tionship and the asterisk denotes the complex
conjugate. It is apparent that the coherent exci-
tation of the initial magnetic sublevels introduces
a complex interference between transition ampli-
tudes associated with different values of l.

If the average over ML is now performed, a
Ly

particularly simple relationship between the auto-
ionization rates A, (y&L&S&, num -y&L&S&, k&) in the
presence of an electric field and the field-free
values A, (y&L&S, , nl y&L,.S&, k&) is obtained in the
form

A, (y&L&S&, num —y&L&S„k;)

= g !&~lml~&m&I'A (y~L~S„nl-y&L&S&, k&),
l~ I ml

(17)

which is independent of the field strength. This
field independence is the result of the linear-

r,

Stark-effect approximation for the outer electron
in the doubly excited state and also the neglect
of the electric field effects on the continuum elec-

,
tron in the final state. The discussion at the
end of Sec. II suggests that the neglect of the
electric field effects on the continuum states is
consistent with the linear-Stark-. effect approxi-
mation. At field strengths for which the linear-
Stark-effect approximation is no longer valid,
significant effects are expected to occur due to tQe
influence of the electric field on the continuum
states.

The field-free autoionization rates are more
generally evaluated in the coupled angular mo-
mentum representation y»L»S», in which the ionic-
core angular momenta L& and Sz are coupled to
the respective outer-electron angular momenta to
form the total orbit' and spin angular momenta
L„and S». The field-free autoionization rates in
the uncoupled representation can be evaluated by
employing the relationship

1
2(2l+1)(2S +1)(2L +1)

xgg (2I~+1)(2S~+1)A, (y,L,S„-y&L«S&,k&),
L» S»

(18)

which is analogous to the relationship" between the partial-wave cross sections for the cldsely related
electron-impact excitation process and the multichannel collision S-matrix elements which are defined
in the coupled representation.

The autoionization rates in the coupled angular momentum representation are given in terms of the re-
duced matrix elements of the electrostatic interaction V by the expression

A, (y~L~S~-y, L,S„k,) =— I(y&LP&, nl, I ~S~II Vlly, L,S„k,l&, L„S~) I

2w 1 2

k 2Sg+1 2Lg+1
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For large values of n, the autoionization rates can be obtained from the threshold (k&2 ——0) values of the
partial-wave cross sections v(y, L,S„k,l, - y&L&S&, k&l&) describing the electron-impact excitation process
X'e'(i) +e (k, l, ) -X'e'(j) +e (k~l~). The relationship obtained from quantum defect theory by Seaton' may
be expressed in the form

( E„~~ 2Z
~

(2$, +1)(2L,+1) ~fE,
—E, ~g (y,L,S„k,l, - y,L,S„k,l )

'~ I ) I vn j 2(2S&+1)(2L&+1)(2l+1)
~ Es j, vap

(20)

If the collisional excitation process is assumed to occur primarily as a result of the dipole part of the
electrostatic interaction, the threshold partial-wave cross sections may be expressed in terms of the
transition oscillator strengths f(y, L,S,- y&L&S&) in the form

822 f
cr(y&L, S&, k&E& -y&L&S&, k&l&) )

p2 p
= ~ (

"
) f(y&L&S, -y&L&S&)g(kpl), k)l)) [p2 p .

3 IEg —E)) (21)

The well-known n 3 dependence of the autoioniza-
tion rates is directly revealed by Eq. (20). A
rapid decrease with increasing E is also antici-,
pated, but the precise form of the l dependence
is more difficult to derive. The derivation of the
l dependence may be attempted in the long-range
dipole (Bethe) approximation, in which the effec-
tive free-free partial-wave Gaunt factor
g(k,.l, , k&l,.) is defined in terms of the continuum-
electron radial wave functions Fp, (p') by

2MS
g(k, l„k(l~) = l&5(lq, f, a 1)

final states f of the combined electron-ion system
which correspond to the decay of the outer elec-
tron into a low-lying state. Because of the depen-
dence of the radiative-decay rate on the third
power of the transition frequency, these pro-
cesses are almost always more probable than
those involving transitions between the neighbor-
ing Stark sublevels of the outer electron.

The total radiative-decay rate A,(d) from the
doubly excited state d=j, nXrnm, is, therefore,
expressed as the sum of three different contribu-
tions in the form

dh 2

,p +p, i, «)+a, i.,«) (22)
A, (d) =PA„(j,nXmm, -i, nXmm, )

In the case of a An, =0 transition of the ionic core,
the radial integral can be evaluated in the Cou-
lomb approximation by setting Q&

——0&. This ap-
proximation leads to the result~~

+ +A„(j, n~mm, -f)

+ P A„(j,nkmm, -j,n'X'm'm, ) .
g'X!m'

(24)

g(k,.l;, k~l, ) (,2 p

E,5(l~, f, +1)
)

l', + " ~, (23)

which predicts a much slower decrease with l
than distorted-wave calculations in which the
complete dipole contribution is evaluated.

IV. RADIATIVE-DECAY RATES

It has been pointed out by Shore that the total
radiative-decay rate from the doubly excited state
can be written as the sum of the rates describing
the radiative decay of the inner- and outer-elec-
tron states. In the presence of an electric field,
it is advantageous to further subdivide the outer-
electron decay processes according to the impor-
tance of the electric field effect on the final state.
Because of the rapid n~ increase of the quadratic
Stark displacements with increasing n, we can
neglect the effect of the electric field on those

(25)

in which the presence of the outer electron is
ignored. In contrast to the outer-electron radia-
tive-decay rates which decrease as n 3 with in-
creasing n, the inner-electron radiative-decay
rate is independent of n. Accordingly, the dom-

The decay rates A„(j,nk mm, -i, nhmm, ) des-
cribe the spontaneous radiati've transitions be-
tween the low-lying ionic-core states, which are
assumed to be unaffected by the presence of the
electric field. The radiative-transition frequency
is slightly shifted from the position of the ionic-
core transition j-i due to the presence of the
outer electron, and in the absence of the electric
field this shift is expressible in terms of the dif-
ference between the quantum defects associated
with the initial and final ionic-core states. How-

ever, this effect can be neglected in the evalua-
tion of the radiative-decay rate. We will there-
fore make the customary approximation

1

A (j, kmnm, -i, nkmm, ) =A,(j-i),
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inant radiative-decay process for the Rydberg
autoionizing states corresponding to large values
of n is expected, to be the inner-electron transi-
tion, which is unaffected by the presence of the
electric field.

The decay rates A,(j,num, -g, which des-
cribe the spontaneous radiative transitions of the
outer electron into a low-lying final state f of the
combined electron-ion system, become negligible
in comparison with the inner-electron transition
rate for large n. However, the dielectronic re-
combination processes corresponding to the outer-
electron radiative transitions of the type 1s2pnp
-1s 2p with n=3 and 4 give rise to particularly
prominant satellites near the higher-n 1snp-1s
resonance lines of the helium like ions of high-Z
elements in plasmas. " In order to evaluate the
intensities of these satellite lines in dense plas-
mas, where they are often comparable to those of
the associated higher-n resonance emissioh lines,
an expression for the outer-electron radiative-
decay rate will be required. The expression for
the outer-electron radiative-decay rate can be
derived in LS coupling through the use of Eq. (15)
together with the Wigner-Eckart theorem. As-
suming that a statistical distribution of the initial
magnetic sublevels M~, M~, and m, has been
excited, the average radiative-decay rates
A„(y&L&S~, num-y&L&S&) in the presence of an
electric field are given in terms of the field-free
rates A„(y&I &S~, nl y&L&S-&) by the expression

A, (yqLqSq, num -y~L~S~),

n-1

~(nlm ~num)
~

A„(y&L&S&, nf-y&L&S&), (26)
l~ I el

which is analogous to the result expressed by
Eq. (17) for the autoionization rates. The field
independence of this expression is the result of
the linear-Stark-effect approximation for the
outer electron in the doubly excited state and the
n|.gleet of the Stark shift in the emitted-photon
frequency. Although the Stark shift associated
with the radiative decay of the outer electron can
be neglected in the evaluation of the decay rate,
its effect on the emitted-photon spectrum is ex-
pected to be more important than the effect of the
very small shift associated with the radiative
decay of the inner electron.

The field-free radiative transition rates
A„(y&L&S&, nl y&L&S&), like the corresponding auto-
ionization rates, are more generally evaluated
in terms of the radiative-decay rates A„(ALP&
—y&L&S&) describing transitions between eigen-
states of the combined system which are specified
in the coupled angular-momentum representation.
The transition rates A,(y&L~S~, nl -y&L&S&), which

are defined in the uncoupled angular-momentum
representation, are then obtained by using the
relationship

A„(y&L~S~, nl - y&LfSf)

1
2(2l +1)(2S) +1)(2L~ +1)

xg g(2Lz+1)(2S~+1)A,(yzL&S~ - y&L&S&) . (27)
~d ~d

In the electric-dipole approximation, the radia-
tive-transition rates which are defined in the
coupled angular- momentum representation are
related to the reduced matrix elements
(y~L~S~IIDlly&L&S&) of the dipole-moment operator
D by the well-known result

4 co 1
A„(y~L~S„yyLyS~) =3 8'c3 (2L +1)

x
[ (y,L~S~lIDlly&L&S&)

J

' 6(S„S&),

(26)

where co is the emitted-photon frequency.
The contribution to A„(d) arising from radiative

decays to neighboring Stark levels of the outer
electron is expected to be the least important of
the three contributions owing to the relatively
small energy differences associated with such
transitions. These transitions connect the differ-
ent doubly excited levels which are associated
with a given excited state j of the ionic core. An

adequate treatment of these transitions is ex-
pected to be obtained by using the single-electron
approximation

A„(j,nhmm, —j,n'X'm'm, ) = A(nkmm, —n'X'm'm, ),
(29)

in which the influence of the ionic-core electrons
may be taken into account only through the inclu-
sion of the associated quantum defects 6, in the
determination of the Stark-transformation coeffi-
cients and frequency shifts. If the linear-Stark-
effect approximation is employed for both the ini-
tial and the final outer-electron states, the re-
quired electric-dipole matrix elements can be
evaluated by using the expression given by Bethe
and Salpeter. ' The field-free dipole selection
rule al=+1 is no longer valid in the presence of
an electric field, and the only remaining rigorous
selection rule is Am=0, +1.

V. CALCULATIONS

In this section we apply the theory developed in
the preceding sections to calculate the autoioniza-
tion and radiative-decay rates from doubly excited
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FIG. l. Autoionization rates and the inner-electron
radiative-decay rate from the field-free doubly excited
states 1s'2p, nl of Fe22'

Fe22'(1s'2P, nl) -Fe'3'(1s2, 2s) +e,
have been evaluated by using Eq. (20) together
with distorted- wave results for the partial-
wave cross sections describing the electron-
impact excitation process

Fe'3'(1s'2s) +e -Fe'~'(1s'2P)+e .

(30)

(31)

The l dependence of the field-free autoionization
rates is illustrated for three representative
values of n in Fig. 1. The horizontal line cor-
responds to the rate for the inner-electron radia-
tive transition

Fe' '(ls'2p, nl) —Fe'"(ls'2s, nl) +Sar, (32)

which is the predominant radiative decay process
for n &10. The autoionization rates for the An&

——0
2p-2s ionic-core transition decrease much more
rapidly with increasing l than is predicted by Eq.
(23). However, the decrease is much less rapid
than for the An&

——1 Sp-2s ionic-core transition,

states of the beryllium like ion Fe ' in the pre-
sence of a uniform static electric field. The field
strength will be assumed to be within a range for
which the linear-Stark-effect approximation is
valid.

The field-free autoionization rates A, (2P, nl
-2s), which describe the radiationless transition

I I I I I

4xlO ' 9xl00 pxl02 4xlO 9xIQ 2xl06
ELECTRIC FIELD (V cm I)

FIG. 2. Range of n value for which the linear-Stark-ef-
fect approximation is valid for the doubly excited states
1s22p, nl of Fe22'

for which radiative decay becomes comparable to
autoionization when n &3. The fact that radiative
decay becomes comparable to autoionization only
for relatively large values of n (n-100) in the 2p
-2s transition is the reason for the importance
of the Rydberg autoionizing states in dielectronic
recombination through a An&

——0 transition of the
recombining ion.

The range of n values for which the linear-
Stark-effect approximation is valid can be deter-
mined for a given field strength from the condi-
tions expressed by Eqs. (I) and (9). This range
clearly depends on l and m. The representative
range of n values which is shown as a function of
the field strength in Fig. 2 has been determined
by choosing l=4 and taking the m average of the
quadratic Stark shift, given by Eq. (8), which
enters into the determination of the lower limit
on n. The quadrupole contributions to the quan-
tum defects, which are needed in the evaluation
of the quadratic Stark shifts, were evaluated for
m&

———1 using Eq. (8). The importance of the
Rydberg autoionizing states which are associated
with the 2p ionic-core state is emphasized by the
horizontal line at n=123, for which the radiative-
decay rate becomes equal to the field-free auto-
ionization rate.
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In a thermal (nonturbulent) plasma, the micro-
scopic electric fields produced by equal concen-
trations of electrons and hydrogen ions can be
estimated-by employing the quasistatic approxi-
mation originally developed by Holtsmark, who
assumed that the time variation of the electric
microfields can be neglected during the radiative
lifetime of the emitting ion in its excited state.
This simplified theory, which provides a much
better approximation for ions than for electrons,
predicts' that the mean field strength ( F ~) is
related to the electron density N, by (~ F ~) =2
x10 Pf~

l~ P/cm. The electron-density range
which corresponds to the field-strength range in
Fig. 2 is 10 —10 cm 3. The Rydberg autoionizing
states, which play a particularly important role
in the dielectronic recombination process asso-
ciated with the An&

——0 2P - 2s ionic-core transi-
tion, occur within the validity region of the linear-
Stark-effect approximation in solar-flare and
Tokamak plasmas with densities approaching
10'4 cm-'.

The autoionization rates A, (2P, num -2s) in the
presence of an electric field have been computed
from the field-free values in Fig. 1 by means of

Eq. (17), which is appropriate to a statistical
distribution of the initial magnetic sublevels. The
results for n=20 are shown as functions of A. for
four representative values of ~m

~
. The reflec-

tion symmetry exhibited by the curves in Fig. 3
is a consequence of the symmetry properties of
the Stark transformation coefficients, given by
Eq. (4), which require that the autoionization
rates for the Stark states must be unaltered by
the transformation q -- q (and also m- —m).
Recall that the electric quantum number q is
related to A, by the relationship q=n —2A. —~m~
—1. These symmetry properties have been dis-
cussed in connection with the hydrogenic radia;
tive-decay rates by Herrick, "who has also given
sum rules for Stark expansions of the same type
as Eqs. (17) and (26). The horizontal line in
Fig. 3 corresponds to the dominant (inner-elec-
tron) radiative-decay rate, which is unaffected
by the presence of the electric field.

The most important property of the Stark auto-
ionization rates in Fig. 3 is the rapid decrease
with increasing ~m ~. This behavior can be under-
stood in terms of the limitation /»

~

m
~

in the
Stark expansion, given by Eq. (17), and the rapid
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decrease with increasing l which is displayed by
the field-free values in Fig. 1. For low values
of Im~, the higher-f substates, which have rela-
tively small field-free autoionization rates, can
undergo field-induced autoionization due to the
admixture in the Stark wave function of the lower-
l substates, for which the autoionization rates are
relatively large. The phenomena of field-induced
autoionization, which is treated in this investiga-
tion within the framework of the linear-Stark-ef-
fect approximation, has been studied previously
by us'4 using the quadratic-Stark-effect approxi-
mation.

The rate of radiationless capture in the dielec-
tronic recombination process is related to the
rate for the inverse autoionization process by
means of a detailed balance relationship. Field-
induced capture into the normally inaccessible
higher-/ substates is expected to accelerate the
rate of dielectronic recombination, because
these states have large statistical weights and
relatively low field-free rates for the competing
autoionization process. In a previous investiga-
tion, ' we have reported a substantial amplifica-
tion in the dielectronic recombination rates asso-
ciated with the higher-n manifolds of outer (re
combining) electron states.

VI. CONCLUSIONS

Within the framework of the linear-Stark-effect
approximation, a detailed theory has been de-
veloped which describes the effects of an electric
field on autoionization and radiative-decay pro-

cesses from doubly excited states corresponding
to relatively large values of the outer-electron
principal quantum number n. The linear-Stark-
effect approximation is expected to be valid for
high l and also for high residual ionic charge Z.
Particularly simple expressions have been de-
rived for the average transition rates by assuming
that a statistical distribution fo the inner-electron
magnetic sublevels has been established. A
treatment has also been given for nonstatistical
distributions of the magnetic sublevels, which can
occur in the multiphoton lase'r excitation of the
doubly excited states. The linear Stark effect on
the autoionization rates from the Rydberg doubly
excited states is found to have important conse-
quences for dielectronic recombination. The ex-
tension of this investigation to the strong-field
region, in which levels corresponding to different
n values begin to overlap, is complicated by the
need to take into account field-induced autoioniza-
tion due to tunneling.
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